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Abstract 25 

Mediterranean forests play a key role in providing services and goods to society, and are 26 

currently threatened by global change. We assessed the future provision of ecosystem services 27 

by Mediterranean pine forests under a set of management and climate change scenarios, built 28 

by combining different regional policies and climate change assumptions. We used the process-29 

based model SORTIE-ND to simulate forest dynamics under each scenario. We coupled the 30 

outputs of SORTIE-ND with empirical and process-based models to estimate changes in 31 

harvested timber, carbon storage, mushroom yield, water provision, soil erosion mitigation and 32 

habitat for biodiversity by 2100, and assessed the trade-offs and synergies between services. 33 

Our results suggest that future provision of ecosystem services by Mediterranean forests will 34 

be more strongly determined by management policies than by climate. However, no 35 

management policy maximized the provision of all services. The continuation of the business-36 

as-usual management would benefit some services to the detriment of water provision, but 37 

leads to higher vulnerability to extreme drought-events or wildfires. Managing for reducing 38 

forest vulnerability will balance the provision of services while reducing the risk of damage to 39 

forest functioning. We also found multiple spatial synergies between ecosystem services 40 

provision, likely driven by differences in site productivity. 41 

 42 



 

 

1. Introduction 43 

For centuries, forests in the Mediterranean basin have contributed to human well-being and to 44 

national economies by providing multiple ecosystem services (FAO and Plan Bleu, 2018; 45 

Gauquelin et al., 2018). These include goods such as timber, mushrooms or cork, but also 46 

regulating services such as prevention of soil erosion or water purification (Croitoru and 47 

Liagre, 2013; Merlo and Croitoru, 2005). As a consequence, Mediterranean forests have 48 

evolved over centuries in close interaction with human activities (Blondel et al., 2010).  49 

In the last decades, the low economic profit of most forest products – particularly timber – has 50 

led to a progressive abandonment of forestry activities in the Northern shore of the 51 

Mediterranean basin (Valls et al., 2012). As a result, many forests currently have dense 52 

structures, with increased competition for resources, growth stagnation and a generalized tree 53 

weakening, eventually increasing fire risk and the vulnerability of forests to abiotic and biotic 54 

disturbances (e.g. droughts and pests; FAO and Plan Bleu, 2018). Moreover, the Mediterranean 55 

basin is one of the world’s primary climate change hotspots (Diffenbaugh and Giorgi, 2012). 56 

Climate change predictions for the Mediterranean basin foresee a generalized increase in 57 

average mean temperatures and changes in precipitation patterns, along with an increase in 58 

frequency and intensity of extreme events (Cramer et al., 2018; Stocker et al., 2013). 59 

Increasingly warm and dry conditions can cause climate-driven forest growth decline and die-60 

off episodes, especially when they affect forest which are already vulnerable due to their 61 

structure (Carnicer et al., 2011; Gentilesca et al., 2017; Klein et al., 2019). The resulting 62 

reduction in forest productivity and increase in tree mortality can ultimately lead to profound 63 

changes in ecosystem processes and functions, eventually affecting the provision of their 64 

associated ecosystem services (Felipe-Lucia et al., 2018; Fu et al., 2013). 65 



 

 

Adaptation of forests to climate change can be assisted through forest management (Vilà-66 

Cabrera et al., 2018). Management objectives are not only determined by the ecological and 67 

socio-economic context at the local level (e.g. sub-national forest and environmental policies), 68 

but also by the decisions and policies implemented at regional and continental scales. These 69 

multiple objectives and influential factors – as well as their interactions – should be considered 70 

when predicting the future composition and structure of Mediterranean forests and the potential 71 

services they will provide (Morán-Ordóñez et al., 2019). However, to date, only a few studies 72 

have explicitly evaluated the long-term consequences of applying alternative forest 73 

management strategies on ecosystem service provision by forests and under different climate 74 

change projections (e.g. Albrich et al., 2018; Mina et al., 2016; Schwaiger et al., 2019), and 75 

none of them focused on Mediterranean forests. 76 

Scenario analysis is an excellent tool to understand the uncertainty around the future condition 77 

of a system (e.g. Mediterranean forests) by evaluating plausible changes in the relationships 78 

and feedbacks between its direct and indirect drivers of change (IPBES, 2016). An scenario is 79 

a coherent, internally consistent and plausible description of a possible future state of the world 80 

or the system model (Nakicenovic et al., 2000). The development of scenarios entails an 81 

exercise of creative thinking and integration of multiple objectives and values represented 82 

through the plural views of the different stakeholders. For example, the latest European Forest 83 

Sector Outlook (EFSO) used a scenario building approach to deal with the complex and 84 

imperfectly understood challenges in policy-making within the forestry sector at the EU-level 85 

(UNECE, 2011). However, evaluating the implications of these scenarios at the local scale 86 

requires incorporating local specificities in the scenario narratives, as well as using models that 87 

adequately represent the functioning of the system model. 88 



 

 

In this study, we evaluated future ecosystem service provision of Mediterranean pine forests 89 

using an integrated modelling framework that includes the multiple factors that can affect their 90 

functioning at different scales. Our main objective was to assess the trade-offs and synergies 91 

in the provision of ecosystem services under a set of feasible future scenarios, using as case 92 

study the forests of central Catalonia (NE Spain). Most studies that assess the future provision 93 

of ecosystem services restrict their analyses to a single ecosystem service or a single driver 94 

(mostly climate), providing a biased and simplified view of ecosystem responses to global 95 

change (IPBES, 2018; Morán-Ordóñez et al., 2019; Runting et al., 2017). In our case, scenarios 96 

resulted from the combination of future socio-economic (EU forestry policies) and climate 97 

change assumptions. With the assistance of local stakeholders, scenarios were then translated 98 

into specific forest management plans used to simulate future forest dynamics and project 99 

changes in ecosystem service provision.  100 

Specifically, we sought to respond to the following questions: (1) how will the ecosystem 101 

service provision of Mediterranean pine forests vary under different EU forest policies and 102 

climatic scenarios? (2) do trade-offs and synergies between ecosystem services differ between 103 

scenarios? and (3) what driver/s are more important to understand changes in ecosystem service 104 

provision (climate, forest management)?. By evaluating the dynamic response of multip le 105 

services to various sources of future uncertainty, this study aims to shed light on the future 106 

consequences of current management decisions, informing decision-making and forest 107 

management at both the planning and operational levels. 108 



 

 

2. Methods 109 

2.1 Study area and forest characteristics 110 

The study was conducted in the Solsonès county, central Catalonia region (NE Spain). Solsonès 111 

is located in the pre-Pyrenees, in the transition zone between the plains of the Ebro valley and 112 

the Pyrenees (Figure 1). Altitude ranges between 400 and 2400 m a.s.l., with a clear south-113 

north elevation gradient. Climate is dry-sub-humid to sub-humid Mediterranean, with a mean 114 

temperature of 12ºC and 650 mm of rainfall (Supplementary Material S1). The county, which 115 

covers 1,000 km2, is sparsely populated, with a density of 13 inhabitants per square kilometer 116 

that are concentrated mainly in the capital (Solsona, ~ 9,000 inhabitants), while the rest of the 117 

territory is almost unpopulated. Forests and farmlands cover 62 and 25% of the study area, 118 

respectively. For this study, we evaluated the dynamics of the three main forest types in the 119 

area: pure black pine (Pinus nigra Arn. subsp. salzmannii) stands are dominant in 19,700 120 

hectares; pure Scots pine (Pinus sylvestris L.) forests occupy 10,600 hectares; and mixed 121 

forests of both pine species occupy 7,950 hectares. Together, these three forest types account 122 

for two thirds of the total forest cover in the region (Figure 1). We gathered the information on 123 

forest structure and composition from the third Spanish National Forest Inventory (IFN3; 124 

Dirección General para la Biodiversidad, 2007), which is assumed to represent the condition 125 

of forest plots in 2000. IFN provides a comprehensive data set on forest composition and 126 

structure through permanent plots located at the intersections of a 1 × 1 UTM grid and sampled 127 

about every 10 years. We selected all the IFN3 plots in the study area that represented these 128 

three forest types: pure Pinus nigra (146 plots), pure Pinus sylvestris (60 plots) and mixed pine 129 

forest (55 plots), resulting in a total of 261 forest plots (Figure 1b).  130 



 

 

 131 

Figure 1. Location of (a) Solsonès county within Catalonia, and (b) the 261 study plots 
according to the dominant tree species. The inset map in a) shows the location of Catalonia 

within the Mediterranean basin. 

2.2 Scenario definition 132 

We evaluated the changes in the provision of ecosystem services of the studied forests under 133 

different future scenarios that resulted from the combination of different assumptions in (a) 134 

projected climate and (b) EU forest policies.  135 

2.2.1. Climate change projections 136 

Climate projections for the period 2016-2100 were sourced from the EU-CORDEX project 137 

available at Earth System Grid Federation (ESGF; http://esgf.llnl.gov/). We assembled daily 138 

precipitation, min/max temperature, relative humidity, radiation and wind speed data according 139 

to predictions of the CNRM-CERFACS-CNRM-CM5 global model (Voldoire et al., 2013) 140 

under two representative concentration pathways (RCPs) 4.5 and 8.5, later regionalized to 141 

Europe (at 11 km resolution) using CCLM4-8-17 and RCA4 regional dynamic models. The 142 

RCP 4.5 emissions scenario assumes a stabilization of radiative forcing by the end of the 143 



 

 

century (Wise et al., 2009), while the RCP 8.5 represents a business-as-usual- high-end 144 

emissions scenario (Riahi et al., 2011). We chose these two scenarios because they were the 145 

only two contrasting scenarios for which all climatic data needed to run the ecosystem services 146 

models (section 2.4) were available at the time this study was carried out. These two scenarios 147 

are also the most commonly used in climate change impact research in Europe (Jacob et al., 148 

2014). To obtain projections of future climate conditions at the forest plot level, predictions for 149 

each combination of RCP (4.5 and 8.5) and regional model (CCLM4-8-17 and RCA4) were 150 

downscaled and bias corrected to 1 km resolution. We did not find differences in either climatic 151 

projections or the outputs of the forest dynamic modelling (section 2.3) under these two 152 

regional models (Figure S1.1 in Supplementary File S1), so for simplicity, we decided to use 153 

only CCLM4-8-17 for subsequent analyses. Meteorological data was sourced from weather 154 

station records from the Spanish Bureau of Meteorology (AEMET) and the Meteorologica l 155 

Service of Catalonia networks. We used empirical quantile mapping (Déqué, 2007) and a daily 156 

interpolated historical series of meteorological data (1990-2015) as reference for the 157 

downscaling and bias correction, as implemented in the R package meteoland (De Cáceres et 158 

al., 2018), where these methods are described in detail. 159 

2.2.2. EU forest policy scenarios 160 

We identified four different plausible EU forest policy futures with potential implications for 161 

the future of the forestry sector in the study area: 1) Promotion of wood energy. This scenario 162 

envisages a future where forest production contributes to EU goals of increasing renewable 163 

energy production (bio-energy for transport, heat and power), to achieve the gradual 164 

substitution of non-renewable resources through biomass extraction. The goals of this scenario 165 

are motivated by the EU commitments under the Paris agreement, that seeks to hold the global 166 

temperature rise within 2 °C above pre-industrial levels (Article 2; United Nations, 2015). 167 



 

 

There is a promotion of EU internal markets in biomass fuels and forest owners are eligible to 168 

incentives (e.g. subsidies) for achieving sustainable biomass harvest. 2) Promotion of carbon 169 

storage. In this scenario, the main focus of forestry at the EU level is the mitigation of climate 170 

change through carbon storage by forests. As such, there is a promotion of the bio-economy 171 

sector with focus on sustainable production of harvested long-lasting wood products (e.g. 172 

sawnwood or panels in houses and furniture); there is also implementation of carbon farming 173 

initiatives through EU-funds: members can buy carbon credits from forest owners who 174 

implement specific projects aimed at increasing soil/biomass carbon sequestration. 3) 175 

Reduction of forest vulnerability. In this scenario, the main focus of forestry at the EU level 176 

is to reduce forest vulnerability to expected climate change impacts. In the case of 177 

Mediterranean forests, the main impacts to face are the increase in frequency and intensity of 178 

drought periods and heatwaves. EU funds or tax benefits are available for forest owners that 179 

implement sustainable forest practices to guarantee forest persistence under climate change. 4) 180 

Business-as-usual scenario (reference). In this scenario, and in contrast to the previous 181 

scenarios, there is not a strong EU forest policy guiding forest management across member 182 

states in a particular direction. Current policies are implemented in coming decades. The policy 183 

scenarios 1-3 are grounded in the goals of the recently updated EU bioeconomy strategy 184 

(European Commission, 2018) and in the scenarios explored for the future of European forests 185 

in the latest European Forest Sector Outlook Study (UNECE, 2011). The combination of two 186 

climatic scenarios and four EU forest policies resulted in eight different scenarios that were 187 

included in the simulations to assess the future provision of services from the forests in the 188 

study area. 189 

2.2.3. Translation of scenarios into forest management plans 190 

Assisted by representatives of the local forest owners, silviculture and knowledge transfer 191 

experts, we translated the EU forest policies and climatic scenarios outlined above into 192 



 

 

potential and realistic in-site (forest plot level) silvicultural treatments to be implemented in 193 

our simulations (see section 2.3). In particular, we designed a silvicultural plan (forest 194 

management plan) for each combination of climatic scenario and EU forest policy assumptions, 195 

and for each of the main species in the study area (Pinus nigra and Pinus sylvestris). This 196 

resulted in eight different management plans for each plot, which were assigned depending on 197 

the dominant species in the plot. In the case of mixed forests, we applied to each of the species 198 

on the plot its corresponding silvicultural plan (Supplementary Material S2). 199 

The management plan for the business-as-usual EU policy scenario consisted of selective 200 

cuttings (also called high grading), i.e. the removal of the biggest trees per plot every 15 or 20 201 

years. In the wood energy scenario, that seeks to maximize forest biomass extraction, the 202 

management plan consisted of short rotations (80-90 years) and between 1 to 3 thinnings 203 

(depending on the species and climatic scenario) prior to the final harvest. For the scenario that 204 

seeks to maximize carbon storage in harvested wood durable products (carbon storage), the 205 

management plans detail longer rotations than usual (~200 years), especially in the case of the 206 

severe climate change (RCP 8.5). Management plans for reduction of forest vulnerabi lity 207 

consist of early and intense thinnings, which result in improved tree vigor, resilience to drought 208 

events (D’Amato et al., 2013), and greater soil water content and provision of blue water 209 

(Ameztegui et al., 2017; Sohn et al., 2016). Detailed descriptions of each forest management 210 

plan under each combination of EU forest policy and climate scenario and for each tree species 211 

are provided in Supplementary Material S2.  212 

2.3 Modeling forest dynamics 213 

We simulated forest dynamics for a period of 99 years (2001-2100) using SORTIE-ND version 214 

7.06 (http://www.sortie-nd.org). SORTIE-ND is a spatially explicit, individual-based model of 215 



 

 

forest dynamics that simulates tree growth in each single individual tree within a forest stand 216 

(Canham et al., 2005). Annual tree growth is determined by the tree specific identity, its size, 217 

the annual climate (average annual temperature and annual rainfall) and the competition 218 

exerted by its neighbours, which is in turn determined by the size and specific identity of the 219 

individual neighbours and their distance from the focal tree (Canham and Uriarte, 2006). This 220 

allows SORTIE-ND to perform realistic representations of mixed-forest dynamics, while being 221 

flexible enough to be applied under changing climatic conditions. SORTIE-ND also considers 222 

a species-specific self-thinning mortality rate, and can track the dynamics of standing 223 

deadwood and its decay. It produces annual estimates of stand structure and composition based 224 

on the identity, position and size of every individual tree in a plot. It is therefore particula r ly 225 

suitable for evaluating the provision of different goods and services that depend on forest 226 

characteristics at different spatio-temporal scales. The parameters needed to simulate forest 227 

dynamics were obtained from Gómez-Aparicio et al. (2011) and Ameztegui et al. (2017, 2015). 228 

An example of a file containing all the parameters used to run the simulations can be found in 229 

the Supplementary Material S3. 230 

We used the composition and structure information available in each of the 261 IFN3 plots as 231 

a starting point for the simulations, and applied to each forest plot the specific management 232 

plans defined in the previous section as a function of the EU forest policy, climatic scenarios, 233 

and the species composition in the plot. Each simulation was repeated 10 times to take into 234 

account the stochasticity of some processes (initial distribution of trees, mortality, recruitment), 235 

so the total number of simulations was 20,880 (261 plots x 8 scenarios x 10 repetitions).  236 

https://www.zotero.org/google-docs/?EWIbLK


 

 

2.4 Modelling ecosystem services provision 237 

Using the predictions of forest dynamics, we estimated temporal changes in six forest 238 

ecosystem services: (i) timber harvest; (ii) carbon storage; (iii) mushroom production; (iv) 239 

water provision; (v) soil erosion mitigation; and (vi) habitat for biodiversity (Table 1). The 240 

services timber harvest and carbon storage are the focus service indicators of the promotion of 241 

wood energy and promotion of carbon storage scenarios, respectively. Moreover, timber is the 242 

only wood forest product with economic value in the study area and the main reason forest 243 

management is currently maintained (business-as-usual scenario) (Saura and Piqué, 2006). 244 

Mushroom picking represents an important recreational activity in the study area (Martínez de 245 

Aragón et al. 2011); also, in some cases, the sale of edible mushrooms represents a more 246 

important source of income than timber (Palahí et al., 2009). The service of water provision is 247 

a key regulating service in Mediterranean ecosystems, where water availability is scarce (del 248 

Campo et al., 2017). Finally, the services of prevention of soil erosion and habitat for 249 

biodiversity are two relevant supporting services that contribute to sustain the maintenance of 250 

the other services. We calculated annual provision values of each ecosystem service indicator 251 

combining the future climatic projections and the information on forest composition and 252 

structure coming from the SORTIE-ND simulation outputs (Figure 2). We derived timber 253 

volume harvested, carbon stock, and deadwood volume (a proxy of habitat for biodivers ity; 254 

Gao et al., 2015; Persiani et al., 2015) directly from the outputs of SORTIE-ND, using local, 255 

species-specific allometries to calculate individual tree volume, biomass and carbon (see 256 

Supplementary Material S4). For mushroom yield estimation we used a statistical model 257 

modified from de-Miguel et al. (2014), able to predict the annual productivity of those edible 258 

mushroom species typically traded in the study area, by accounting for the effect of both the 259 

stand structure and meteorological conditions. We calculated the amount of blue water relative 260 

to precipitation (i.e. the proportion of incoming water exported via runoff or drainage to 261 



 

 

saturated layer) using the water balance model described in De Cáceres et al. (2015), 262 

implemented in the R package medfate, which estimates water fluxes based on data about 263 

climate, soil properties and forest structure and composition. For soil loss, we used the 264 

Universal Soil Loss Equation (Wischmeier and Smith, 1978) to calculate the capacity of 265 

vegetation cover to mitigate soil loss (Guerra et al., 2016, 2014). Figure 2 shows a schematic 266 

diagram with the integrated modelling approach used in this study, linking scenarios to data 267 

and modelling approaches to simulate forest dynamics and their consequences for ecosystem 268 

service provision. Further details on the calculation of each indicator are described in 269 

Supplementary Material S4. 270 



 

 

Table 1. Ecosystem services indicators evaluated in this study. For each ecosystem service we detail the indicator used as a measure of ecosystem 271 
service provision, the units of the indicator, the input data needed and the relevant references for the models used to calculate the provision values. 272 

See Supplementary material S3 for a detailed description of ecosystem services calculation (including equations and model assumptions). 273 

Ecosystem Service Description Units Model inputs Refs. ESS models 

Timber harvest Total volume over bark in each plot  m3·ha-1·yr-1 Data of tree diameter and height across all 

harvested trees in each forest plot per year 
• Handbook for Drafting Forest 

management plans in Catalonia 

(CPF, 2004) 
     

Carbon storage Total carbon stored in tree biomass of 

each forest plot, considering both above- 

and belowground carbon. 

t·ha-1·yr-1 Data of tree diameter and height across all 

standing  trees in each forest plot per year 
• Montero et al. (2005) 

• Handbook for Drafting Forest 

management plans in Catalonia 

(CPF, 2004) 
     

Mushroom production Total yield of edible mushrooms per 

forest plot (e.g. Lactarius deliciosus, 

Hygrophorus latitabundus, Craterellus 

lutescens, Tricholoma terreum, Hydnum 

repandum)  

kg·ha-1·yr-1 Basal area in each forest plot, weather 

conditions (precipitation) and topographic 

attributes (slope, aspect and elevation)  

• De-Miguel et al. (2014) 

(adapted) 

     

Water provision Total amount of water exported via 

runoff and deep drainage in each forest 

plot (i.e. water released to the 

ecosystem). For this study, and to allow 

comparisons of the service provision 

across plots, we estimated the proportion 

of water exported relative to the annual 

precipitation (so that differences among 

plots reflect differences in the capacity of 

service provision by forest rather than 

differences in precipitation among plots) 

dimensionless Stand structure described at the cohort 

level (average height of individuals and 

their cumulative leaf area index) and daily 

weather data (radiation, temperature and 

precipitation) 

• De Cáceres et al. (2015) 

     

Soil Erosion Mitigation Total amount of soil erosion avoided in 

each forest plot, compared to the 

potential soil erosion that could occur in 

absence of vegetation  

t· ha-1 Soil erodibility (an intrinsic characteristic 

of each soil type), local topography, 

rainfall erosivity (measure of the capacity 

of rainfall to erode soil) and vegetation 

cover in each plot 

• Wischmeier & Smith (1978) 

• Guerra et al. (2016, 2014) 

     

Habitat for Biodiversity Total volume of deadwood in each forest 

plot. 

m3·ha-1·yr-1 Number and size of standing dead trees 

(snags) in each plot per year 

• Montes and Cañellas (2006) 

• Vanderwel et al. (2006) 

274 



 

 

275 
Figure 2. Schematic diagram showing the integrated modelling approach used in this study, 276 
connecting scenarios to data and modelling approaches to simulate forest dynamics and their 277 

consequences for ecosystem service (ESS) provision. Numbers on the side of headings (from 278 
2.2 - 2.6) make the link to the methods’ sections where the corresponding steps in the diagram 279 

are explained in detail. 280 



 

 

2.5 Scenario drivers’ contribution to ES provision 281 

To assess the relative contribution of forest type (i.e. dominant species), climate and EU forest 282 

policy management scenarios on the provision values of the ecosystem services by 2100, we 283 

fitted Generalized Mixed Effect Models (GLMM; Bolker et al., 2009). We fitted a model for 284 

each ecosystem service, where the response variable was the accumulated value of the service 285 

at the end of the simulation period (mean accumulated value across the ten SORTIE-ND 286 

simulations in each plot). The fixed predictors used were: the forest type (either Pinus nigra, 287 

Pinus sylvestris or mixed), the climatic scenario (either RCP 4.5 or RCP 8.5) and the policy 288 

management scenario (business-as-usual, wood energy, carbon storage, reduction of forest 289 

vulnerability). The identity of the forest plot was included as a random effect (261 levels), to 290 

account for the spatial pseudoreplication of the data. We fit the models using a log-link function 291 

(gamma distribution) and considering only linear terms. We followed the protocol 292 

recommended by Zuur et al. (2009) to determine both the effect of implementing the forest 293 

plot as a random effect (compared to a linear model) and the importance of each fixed-effect 294 

factor. The model for each ecosystem service was compared with a ‘null’ model with no 295 

predictors (but random factor) using the AIC score (Burnham and Anderson, 2002). We used 296 

two R2 estimates (marginal R2
GLMM(m) and conditional R2

GLMM(c), to measure the variance 297 

explained by the fixed effects parts of the GLMM model only or by both the fixed and random 298 

effects, respectively (Johnson, 2014; Nakagawa et al., 2017; Nakagawa and Schielzeth, 2013). 299 

We used the predictor’s model estimates to assess the contribution of each fixed predictor – 300 

conditional on the estimates of the random-effect variances – in the response variable. GLMMs 301 

were carried out using the glmer function in the “lme4” package in R (Bates et al., 2015), and 302 

R2 estimates were calculated using the r.squaredGLMM function in the R.package MuMin 303 

(Barton, 2019).  304 



 

 

2.6 Ecosystem services trade-offs and synergies 305 

We evaluated trade-offs and synergies of ecosystem service provision under each combinat ion 306 

of management and climatic scenarios at two different levels: (1) at the study area level, we 307 

compared overall projections of ecosystem services provision by 2100 across the study area 308 

under the wood energy, carbon storage and reduction of forest vulnerability scenarios relative 309 

to projections under the business-as-usual scenario. For a particular indicator, this allows 310 

comparison of overall service provision among scenarios, relative to current management 311 

practice. This informs about whether a particular scenario promotes the provision of a service 312 

to the detriment of other services (trade-offs); (2) at the plot level, we analysed the spatial 313 

correlation between pairs of services by comparing their accumulated value over the simula ted 314 

period in each plot (Pearson´s correlations), and under each of the future scenarios. This 315 

analysis informs about whether there is a spatial pattern regarding ecosystem services trade-316 

offs and synergies (do some ecosystem services co-occur spatially?). All the analyses were 317 

performed in R version 3.5.1 (R Core Team 2018). 318 

3. Results 319 

3.1. Forest dynamics 320 

Predictions of forest composition and structure of simulated plots differed markedly depending 321 

on the climatic scenario and, particularly, on the policy management scenario (i.e. the 322 

silvicultural plan applied under a given policy context). For both RCP scenarios, the low 323 

intensity of harvests under the business-as-usual management led to denser forests, with larger 324 

number of trees of relatively small size (Figure 3). Final basal area of forest plots under the 325 

business-as-usual management were the highest predicted across all policy management 326 

https://www.zotero.org/google-docs/?wKAo0j


 

 

scenarios (since no final cuts were performed), but showed frequent sharp decreases 327 

immediately after partial harvest events. Differences between policy management scenarios 328 

were specially marked towards the end of the simulations (2100), when the carbon storage 329 

scenario predicted the largest timber stocks and the largest mean tree diameter across all policy 330 

management scenarios (Figure 3). The impact of the climate scenario on changes in forest 331 

composition and structure was generally less marked. 332 



 

 

 333 

Figure 3. Changes in stem density and mean tree diameter predicted under the combination of 
climate (RCP 4.5, RCP8.5) and policy management scenarios (business-as-usual, wood 

energy, carbon storage and reduction of forest vulnerability), detailed for forest type, for the 
period 2001 -2100. Solid lines and shaded areas represent mean values and standard 

deviation across the 261 plots, respectively. 



 

 

3.2 Future provision of ecosystem services 334 

Regression analysis provided insights about the relative contribution of forest type, climate and 335 

policy management scenarios to explain the provision of each of the services. These factors 336 

combined explained between 40% and 88% of the variation in service provision, depending on 337 

the service evaluated (Table 2). 338 

Table 2. Results of generalized linear mixed effect models (GLMMs) used to assess the 339 
contribution of forest type, the climate and the policy management scenarios on service 340 

provision. The ΔAIC is the difference in the Akaike Information Criterion between each model 341 
and that of a ‘null’ model with no informative fixed predictors but a random factor. The 342 
marginal R2

GLMM(m) represents the variance explained by the fixed effects, whereas the 343 

conditional R2
GLMM(c) represents the variance explained by the entire model, including both 344 

fixed and random effects, both calculated with the log-normal method. 345 

Ecosystem service ΔAIC R2
GLMM(m) R2

GLMM(c) 

Timber harvest -1227 0.55 0.63 

Carbon storage -3635 0.82 0.86 

Mushroom production -5340 0.88 0.98 

Water provision -2768 0.58 0.78 

Soil erosion mitigation -3306 0.40 0.92 

Habitat for biodiversity -2983 0.75 0.81 

 346 

Forest type emerged as the most important factor explaining the provision values of most 347 

services (largest standardized coefficient estimates; Figure 4). On average, Scots pine forests 348 

produced more timber and mushrooms, stored more carbon and hosted more habitat for 349 

biodiversity than the other types of forests. In contrast, they contributed less to soil erosion 350 

mitigation and produced slightly lower amounts of blue water (relative to precipitation) than 351 

pure black pine or mixed forests (Figure 4). Compared to forest type, climate scenario produced 352 

very small variations in the provision of all services, although the provision levels were always 353 

smaller for the most severe scenario (RCP 8.5). The impact of the policy management scenario 354 



 

 

on the ecosystem service provision values was larger – as indicated by differences in coefficient 355 

estimates – than the impact of the climate scenario considered (Figure 4). The effect of 356 

management was particularly important for the wood energy scenario, which resulted in much 357 

lower carbon storage and biodiversity than the rest of the forest policy scenarios (Figure 4b, 358 

4f). As opposed to other services, mushroom production proved almost unresponsive to the 359 

policy implemented and was mostly dependent on forest type, and to a minor extent, on the 360 

climatic scenario (Figure 4c). 361 



 

 

 362 

Figure 4. Mean coefficient estimates (‘+’ simbol) and corresponding standard errors (solid 363 

horizontal lines around the mean) of the generalized mixed models fit for each ecosystem 364 
service: a) timber harvested, b) carbon storage, c) mushroom yield, d) water provision e) soil 365 
erosion mitigation and f) habitat for biodiversity. Each plot shows the relative contribution of 366 

each forest type (Pinus sylvestris, mixed forests), climate (RCP 8.5) and policy management 367 
scenario (Wood Energy, Carbon storage and forest vulnerability reduction) to explain the 368 

overall provision of each service when compared to a reference (Intercept) plot of Pinus nigra, 369 
under the RCP 4.5 and BAU management scenarios (dashed black vertical line). An overlap 370 
between the coefficient estimates for each factor and the intercept can be interpreted as the 371 

factor not having a significant difference in the provision of the service under a null-hypothesis 372 
testing framework with α=0.05. The dashed green, purple, and orange horizontal dashed lines 373 

highlight the largest deviance from the intercept within each of the forest types, climate and 374 
management scenarios, respectively. Variables whose coefficient estimates showed the largest 375 
deviances from the intercept can be interpreted as being those exerting a stronger influence in 376 

the accumulated values of service provision by the end of the century. 377 



 

 

3.3. Trade-offs and synergies between ecosystem services 378 

3.3.1. Impact of forest policy management scenarios as compared to current management 379 

Overall, the wood energy scenario yielded the largest amounts of harvested timber in the study 380 

area regardless the climatic scenario (Figure 5), with > 1.5 times the volume of timber harvested 381 

in the business-as-usual scenario. Wood energy also yielded the largest amounts of water 382 

provision, but to the expense of the total carbon stored in the forest, the amount of suitable 383 

habitat for biodiversity, or the capacity to mitigate soil erosion (Figure 5). The carbon storage 384 

scenario, in turn, produced higher values of carbon storage than the wood energy scenario, and 385 

also the largest amount of suitable habitat for biodiversity, but resulted in much lower timber 386 

harvested, particularly when simulations were run under the severe climatic scenario (RCP 387 

8.5). The reduction of forest vulnerability scenario led to slightly smaller timber yields than the 388 

wood energy alternative, but higher values for the rest of services, especially under the severe 389 

climatic scenario. Soil erosion mitigation and carbon stock were always the highest in the 390 

business-as-usual scenario which, in turn, predicted the lowest water provision across all 391 

alternative scenarios. As stated above, for a given policy management scenario the severe 392 

climate change scenario reduced the overall provision of all ecosystem services and 393 

exacerbated differences between policy management scenarios. 394 



 

 

 395 

Figure 5. Relative ecosystem service provision among scenarios taking as reference the 396 
business-as-usual alternative. Values reflect the ratio between the total accumulated service 397 
provision by 2100 under each scenario (summed values over all forest plots in the study area 398 

and over all simulation years), and those of the "business-as-usual" scenario. The circle with 399 
black outline indicates equal service provision to the business-as-usual scenario = 1. 400 

3.3.2. Spatial trade-offs and synergies among ecosystem services at the plot level 401 

When differences in projected service provision were assessed at the forest plot level, we found 402 

positive spatial correlations (synergies) between harvested timber, carbon storage, mushroom 403 

production and habitat for biodiversity (Figure 6). All these services were also positive ly 404 

correlated with precipitation but weakly and negatively correlated (trade-offs) with soil erosion 405 

mitigation and water provision. Overall across all scenarios, synergies between ecosystem 406 

services were stronger (Peason´s R>0.6 in most cases) compared to trade-offs (Pearson´s R < 407 



 

 

-0.4). However, the strength of the correlations varied among the management scenarios. For 408 

the moderate climatic scenario (RCP 4.5), the strongest positive correlations among ecosystem 409 

services were found in the wood energy scenario and the weakest correlations in the business-410 

as-usual scenario (Figure 6). For instance, the correlation between timber production and 411 

carbon storage was 0.17 for business-as-usual, but 0.94 for the wood energy scenario (Figure 412 

6). Under a severe climate scenario (RCP 8.5), the correlations between provisioning services 413 

strengthened for the more interventionist management scenarios (those involving more 414 

frequent harvests: wood energy and reduction of forest vulnerability) and decreased for the 415 

business-as-usual and the carbon storage scenarios (Supplementary Material S5). 416 

  417 



 

 

 418 

 419 

Figure 6. Spatial synergies and trade-offs between total ecosystem service provision by forest 420 

plots throughout the simulation period (2001-2100) detailed for the four alternative policy 421 

management scenarios under moderate climate change (RCP 4.5). Values correspond to 422 

pairwise Pearson´s correlation coefficients (R2) between ecosystem services (positive 423 

correlations=synergies and negative correlations=trade-offs), measured across the 261 424 

studied forest plots (accumulated ecosystem service provision by 2100 in each plot). We also 425 

show the correlations between the provision of each service and the accumulated precipitation 426 

over the simulated period. See Supplementary material S5 for spatial synergies and trade-offs 427 

under the combinations of EU forest policy management scenarios and the RCP 8.5 climate. 428 

 429 



 

 

4. Discussion 430 

Our study used an integrative modelling framework that considered the impacts of multip le 431 

interacting drivers on a broad set of ecosystem services. We observed that the future provision 432 

of ecosystem services by Mediterranean forests will be strongly determined by forest 433 

management, and identified potential synergies and trade-offs between different pairs of 434 

services. As such, our approach represents a valuable tool to support well-informed, evidence-435 

based decision making in managing Mediterranean forests.  436 

4.1 Ecosystem services, forest management and climate 437 

The predicted prevailing role of forest management over climate on the future provision of 438 

ecosystem services has been previously reported in other studies, and is explained by the strong 439 

link between forest management and the forest structural attributes underlying the calculat ion 440 

of ecosystem service values (Albrich et al., 2018; Felipe-Lucia et al., 2018; Mina et al., 2016; 441 

Schwaiger et al., 2019). Therefore, and considering the overall service provision across the 442 

study area, clear trade-offs arose from the management scenario choice (Figure 5). For 443 

example, when assessing overall results across the study area, the implementation of a wood 444 

energy scenario – strongly linked with the current EU-bioeconomy strategy – poses severe 445 

trade-offs between timber harvest and services of carbon storage, soil erosion prevention or 446 

habitat for biodiversity (a trade-off commonly identified in other systems; see Lee and 447 

Lautenbach, 2016), compared to the alternative scenarios (Figure 5). This is because the on-448 

the-ground implementation of this policy implies frequent timber extraction, reducing the 449 

forests’ carbon pool and increasing the proportion of soil exposed to erosive agents. At the 450 

same time, continued timber extraction prevents natural mortality processes that produce the 451 

dead wood playing a key role as habitat for biodiversity. 452 



 

 

In terms of carbon balance, the short rotation and the small final average diameter of forest 453 

stands under this scenario makes most of the timber harvested only suitable for bioenergy 454 

production, further limiting the climate regulation role of forests. The carbon storage scenario, 455 

also related to the EU bioeconomy strategy and the important role that forests play in climate 456 

change mitigation (Canadell and Raupach, 2008), resulted in a more balanced provision of 457 

ecosystem services than the wood energy scenario when considering the overall service 458 

provision across the study area (Figure 5). It also projected increased water provision compared 459 

to the business-as-usual management option. However, under this scenario, forest growth and 460 

timber production were strongly limited (especially under the more severe RCP 8.5 climate). 461 

Currently, in Catalonia, as in many other regions of the northern Mediterranean basin, timber 462 

is the only forest commodity for which there is economic revenue (FAO and Plan Bleu, 2018; 463 

Saura and Piqué, 2006). Carbon credit investment funds (e.g. UN-REDD+ REF) are mostly 464 

prioritized in the tropics, where growth rates and CO2 sequestration are faster than in 465 

Mediterranean forests (FAO and Plan Bleu, 2018), whereas payments for ecosystem services 466 

still remain scarcely developed in Europe (Schomers and Matzdorf, 2013). The actual 467 

implementation of the carbon storage scenario thus seems unrealistic in the short term, unless 468 

there is a major change in the valuation of services or products other than timber.  469 

At the other end of the spectrum, the continuation of a business-as-usual forest management 470 

would maximize overall carbon storage across the study area above all other alternat ives 471 

(Figure 5). This unexpected result can be explained because, under this management scenario, 472 

silvicultural interventions are limited to low-intensity, opportunistic cuttings that promote 473 

forest biomass build-up. This scenario also maximized soil erosion mitigation (since high tree 474 

density increases rainfall interception by the forest canopy), and promoted large quantities of 475 

deadwood (Paletto et al., 2014), maximizing habitat for biodiversity (Gao et al., 2015; Persiani 476 



 

 

et al., 2015). However, the maintenance of current forest management policies may have high 477 

costs in terms of forest health. High water demands from very dense forests will reduce the 478 

amount of blue water released to the ecosystem (Del Campo et al. 2018), put the forest at risk 479 

of drought stress (Ruiz-Benito et al., 2013), and increase fire risk (Duane et al., 2019; Pausas 480 

and Fernández-Muñoz, 2012). The reduction of forest vulnerability management scenario 481 

seeks to minimize such risks by making the forest less vulnerable to drought. The 482 

implementation of this type of management represents an improvement in plant water status 483 

without too much loss in timber production, since the early and intense thinnings are 484 

compensated by the enhanced tree vigor and growth (Ameztegui et al. 2017). The provision of 485 

the rest of services however decreased compared to the business-as-usual scenario. To fully 486 

evaluate the effectiveness of each of the management alternatives it would thus be necessary 487 

to explicitly account for the impact of disturbances at the landscape scale and undertake 488 

economic studies that consider the consequences of the risk reduction derived from 489 

management actions. 490 

The effect of climate change on ecosystem service provision would certainly be more 491 

determinant if the effects of extreme events related to climate change (e.g. prolonged droughts, 492 

extreme rainfall events), and associated disturbances (e.g. fires, windstorms) would had been 493 

considered in the estimates of ecosystem service values. The predicted increase in the 494 

frequency and intensity of these extreme events (Cramer et al., 2018; Stocker et al., 2013) has 495 

the potential to modify ecosystem service provision directly: for example, González-Hida lgo 496 

et al. (2007) found that only a few extreme rainfall events are responsible of 50% of the total 497 

soil eroded annually in Western Mediterranean countries. Extreme events can also impact 498 

ecosystem service provision indirectly, through changes in forest composition (towards 499 

dominance of drought resistant species; Lindner and Calama, 2013) and structure (Eugenio and 500 



 

 

Lloret, 2004). Both direct and indirect impacts of extreme events on service provision can be 501 

exacerbated when multiple extreme disturbance agents co-occur (e.g. wildfires and extreme 502 

rainfall; Morán-Ordóñez et al., 2020). 503 

4.2. The role of environmental gradients, site quality and annual variability 504 

The evaluation of trade-offs and synergies at the forest plot scale (spatial trade-offs; Figure 6), 505 

suggest a strong effect of environmental gradients on ecosystem service provision. For 506 

example, timber harvested, carbon storage, mushroom yield and habitat for biodiversity were 507 

all positively correlated under the RCP 4.5 climatic scenario, regardless the management 508 

applied, and they were especially highly correlated in the wood energy scenario. This can be 509 

explained by the strongly marked north-south climatic gradient in the study area (from colder-510 

wetter to milder-drier) which determines a gradient in rainfall, productivity, and also in 511 

dominant species distribution. Within the set of 261 plots modelled, the most productive forests 512 

are pure Scots pine stands, located in the northern slopes of the northernmost part of the study 513 

area, where rainfall is higher (Figure S1.2 in Supplementary file S1), and where the 514 

accumulated provision of most services along the simulation period was also higher. Faster 515 

growth in those plots leads to more carbon captured, more timber yield and larger deadwood 516 

accumulation across the whole simulated period. Mushroom production is also higher in Scots 517 

pine stands than in black pine or mixed-stands in Catalonia (de-Miguel et al., 2014). Moreover, 518 

Scots pine plots occur in steeper slopes where soil erosivity is potentially higher (therefore the 519 

trade-off between the former services and soil erosion mitigation) and where higher 520 

productivity comes to the expense of water consumption.  521 

The spatial synergies among ecosystem services were more pronounced for the RCP 8.5 522 

climate scenario (Supplementary file S5), especially in the wood energy and the reduction of 523 



 

 

forest vulnerability management scenarios, for which harvests are more frequent. A high-end 524 

climate change scenario may exacerbate differences between species productivity, further 525 

increasing the correlation between the provision values of these services. On the other hand, 526 

provision of timber harvest and carbon sequestration are totally decoupled (Pearson´s R < 0.11) 527 

under this high-end climate scenario for the business-as-usual and the carbon storage scenario, 528 

suggesting provision values of these two services do not follow the same spatial patterns. For 529 

the latter, the long rotation prescribed leads to many plots not being harvested at all during the 530 

simulation period, while the amount of deadwood continues to accumulate as forests become 531 

more mature. In the case of the business-as-usual management, the periodic, opportunist ic 532 

harvests applied in this scenario are independent from the growth rate or productivity of the 533 

forest, decoupling the buildup of deadwood with the amount of timber harvested.  534 

4.3. Forest policy management implications 535 

In a context of increasing environmental and socio-economic uncertainties, forest policy 536 

management strategies must build upon robust data and modelling approaches that incorporate 537 

these uncertainties in a spatially-explicit manner, taking into account the interlinkages between 538 

ecological processes and impact drivers (integrated approaches; IPBES, 2016). As such, our 539 

modelling exercise provides cues about the potential trade-offs and synergies between 540 

ecosystem service provision in Mediterranean forests, that could arise depending on the 541 

management policies implemented and the projected changes in climate. Whereas we 542 

considered a broad range of ecosystem service indicators compared to other studies in the 543 

Mediterranean (Morán-Ordóñez et al., 2019), some of the trade-offs and synergies identified 544 

strongly depend on the indicator choice. As such, they should be interpreted with care. For 545 

example, the indicator of habitat for biodiversity (deadwood volume) is strongly correlated to 546 



 

 

timber production in all scenarios but the business-as-usual, where timber production was 547 

decoupled from dead biomass. However, deadwood is a good proxy of some specialist 548 

taxonomic groups (e.g. saproxylic beetle species richness; Gao et al., 2015) but might not be 549 

good indicator of the overall condition of other forest-related taxonomic groups whose 550 

abundance/richness relies on the occurrence of a particular forest structure (Ameztegui et al., 551 

2018; Gil-Tena et al., 2007) or the overall composition and abundance of forest at landscape 552 

scale.  553 

Regardless of the indicator choice, which should be ideally agreed among stakeholders and 554 

decision-makers, the modelling framework used here represents a good supporting tool in 555 

promoting multifunctional Mediterranean forests. Our results suggest that no management 556 

strategy has the ability to maximize all the services evaluated, and thus the degree of 557 

multifunctionality of Mediterranean forests may be inherently limited. The balance between 558 

the provision of services must therefore be assessed taking into account the demands of the 559 

different stakeholders involved, and establishing the importance of each service according to 560 

the socio-economic context.  561 

We also highlight the importance of considering forest vulnerability when doing decision-562 

making and forest planning (Yousefpour et al., 2012). Besides the potential benefits of a 563 

particular management alternative in terms of provision of one or more ecosystem services, it 564 

is important to keep in mind that this potential might not be realized if the forest is affected by 565 

a high severity disturbance before 2100. For instance, current management (business-as-usual) 566 

can provide high levels of some services in the future, but also promotes excessive forest 567 

biomass build-up that can lead to higher forest vulnerability to disturbances. At the other end 568 

of the gradient, reduction of forest vulnerability management scenario maintains balanced 569 



 

 

values of most services, while making the forest less vulnerable to drought. In this regard, while 570 

managing forest for the only purpose of reducing forest vulnerability to extreme drought-events 571 

or wildfires or adaptation to climate change might seem unrealistic in the current context, future 572 

assessments of service provision should explicitly take into account the effects of management 573 

on forest vulnerability to key disturbances, and how this can affect the risk, and the expected 574 

monetary value of each management option. With these considerations, managing for reducing 575 

forest vulnerability to climate change might arise not only as the less risky alternative, but also 576 

as the most economically profitable one.  577 

4.4. Limitations and future research needs 578 

Our framework based on the coupling between different models, proved to be appropriate to 579 

integrate several drivers of forest change when simulating forest dynamics and projecting 580 

future service provision. However, as any modelling approach, it has strong assumptions and 581 

limitations. For example, while the forest dynamics model (SORTIE-ND), the mushroom yield 582 

model and the water balance model had been previously validated against independent datasets 583 

for the study area (Ameztegui et al. 2015, de-Miguel et al. 2014, De Cáceres et al. 2015, 584 

respectively), and combined with success before in other studies in Catalonia (Ameztegui et 585 

al., 2017; Karavani et al., 2018), the outcomes of the soil erosion or the biodiversity models 586 

have not been validated for the study area. Moreover, some of the projected ecosystem services 587 

were indirectly estimated from equations that take into account the forest structure (i.e. the 588 

estimated values can only be interpreted as proxies of the actual service provision). This could 589 

explain, at least partially, that the correlation values between the different services in our study 590 

are in general higher than those observed in previous studies (Schwaiger et al. 2019). Although 591 

a validation with field observations would certainly contribute to guarantee the credibility of 592 



 

 

projected ecosystem services values, the requirements of such validations were beyond the 593 

scope of this study.  594 

When defining the socio-economic contexts behind the future EU forest policy assumptio ns, 595 

we opted for realistic scenarios, even if this limited the diversity of the different silvicultura l 596 

management regimes simulated. For instance, none of the silvicultural regimes applied implies 597 

harvests that leave the soil devoid of vegetation during the regeneration phase, so the soil 598 

erosion predicted values are very similar – generally very low – in all scenarios. Similarly, the 599 

climatic projections under the emission scenarios chosen (RCP 4.5 and RCP 8.5) do not differ 600 

much from each other until the end of the century (Stoker et al. 2013) (Supplementary File S1). 601 

In this regard, alternative scenarios that project more contrasting future climatic conditions – 602 

such as RCP 2.6 (Van Vuuren et al., 2007) – were not available at the required spatial and 603 

temporal resolution at the time of running the simulations. Finally, the physiography of the 604 

study area (with the highest altitudes and slopes in the northern part, where Pinus sylvestris 605 

predominates) makes it impossible to disentangle the role of forest type and the role that 606 

climate, elevation, or slope, can play in the provision of ecosystem services.  607 

4.5. Conclusions 608 

We found that future provision of ecosystem services by Mediterranean forests will be strongly 609 

determined by the forest management policies implemented and, to a lesser extent, by climate 610 

change. However, no management strategy has the ability to maximize all the services 611 

evaluated. Our study also highlights that there are multiple trade-offs and synergies between 612 

ecosystem service provision that are probably determined by the forest type and site 613 

productivity and depend on the indicator choice. The balance between the provision of services 614 

must integrate the demands of the different stakeholders, and include the importance of each 615 



 

 

service according to the socio-economic context. We observed that current management 616 

(business-as-usual) promote forest biomass build-up and can lead to higher forest vulnerabi lity 617 

to extreme drought-events or wildfires. In a context in which disturbances are expected to 618 

increase in frequency and severity, managing for reducing fire risk or forest vulnerability to 619 

drought impacts emerges as a reasonable alternative that balances the provision of services 620 

while reducing the risk of irreversible damage to forest functioning.  621 
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Supplement S1 Future climatic projections over the study area 891 

Figure S1.1 Projected changes in annual mean temperature and annual precipitation over 892 

the study area under the CCLM4-8-17 and RCA4 regional dynamic models (left and right 893 

panels, respectively) and the RCP 4.5 and RCP 8.5 emissions scenarios (blue and orange 894 

lines within each panel, respectively). The solid lines represent mean estimated trends for 895 

each of the climatic parameters using a locally estimated scatterplot smoothing approach 896 

(LOESS). 897 

 898 
899 



 

 

Figure S1.2. Projected changes in annual mean temperature and annual precipitation under 900 

the CCLM4-8-17 regional dynamic model and the RCP 4.5 and RCP 8.5 emissions 901 

scenarios (blue and orange lines within each panel, respectively), detailed by forest type. 902 

The solid lines represent mean estimated trends for each of the climatic parameters using a 903 

locally estimated scatterplot smoothing approach (LOESS). 904 

 905 



 

 

Supplement S2 Management scenarios detailed for forest type and 906 

climate scenario 907 

Silvicultural regimes (policy management scenarios) applied for each species as a function 908 

of climatic and forest policy scenarios. The silvicultural regimes include a schedule of 909 

treatments (Treat.) which usually include a pre-commercial thinning (PrTh), one to several 910 

thinnings (Thinning), and regeneration cuttings through shelterwood system, which can 911 

contain a preparatory cutting (Prep), a seed cutting (Seed C) and the final cut. %N and 912 

%BA indicate the percentage of harvested trees and percentage of harvested basal area, 913 

respectively. The number in bold indicates the criterion (either %N or %BA) used to define 914 

the treatment. In the case of mixed forests, the silvicultural regime is the result of applying 915 

the treatment defined below for each combination of EU policy and climate scenario to 916 

each of the species on the plot. 917 

 918 

 919 



 

 

 920 
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Supplement S3 SORTIE-ND parameter files 922 

A complete .xml file used as input for one of the simulations in SORTIE-ND will be made 923 

available upon acceptance. 924 

 925 

  926 



 

 

Supplement S4 Ecosystem services calculations 927 

This appendix describes the equations, values and calculations used for the estimation of 928 

ecosystem services from the forest dynamics simulations of stands of Pinus nigra (146 plots), 929 

pure stands of Pinus sylvestris (60 plots) and mixed stands of both species (55 plots) under 930 

the climate and forest policy management scenarios.  931 

S4.1. Timber production 932 

We determined timber production through the direct calculation of the volume of timber 933 

harvested along the simulation of each plot under each climatic and management scenario. 934 

All the equations used for the calculation of timber volume, as well as the necessary 935 

parameters, were sourced from the Handbook for Drafting Forest management plans in 936 

Catalonia, published by the Catalan Forestry Administration (CPF, 2004). We calculated 937 

independent wood production metrics per species and tree diameter class (using diameter 938 

classes of 5-cm width). Values were then aggregated across all diameter classes at the plot 939 

level for comparison of plots across the study area. 940 

We determined harvested timber by calculating total volume over bark for each harvested 941 

tree with DBH > 7.5 cm. To do so, we used taper equations, i.e. we calculated the volume of 942 

the cylinder with the same diameter and height of the tree, and applied a reducing form factor 943 

(Eq. 1): 944 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = ∑ 𝜋𝜋𝑛𝑛𝑗𝑗=1 ∗ (
𝐷𝐷𝑛𝑛𝑗𝑗2 )2 ∗ 𝐻𝐻𝑗𝑗 ∗ 𝐾𝐾𝑓𝑓𝑘𝑘      (1) 945 

where HarvestV is the total timber volume of harvested trees, Dnj is diameter of tree j, Hj is 946 

the height of tree j, and Kfk is the form factor, which depends on the county, the species and 947 

the diameter class. In order to calculate volume, Di and Hi must be in the same units. 948 

S4.2 Carbon storage 949 

We calculated total carbon stored in tree biomass of each forest plot, considering both 950 

aboveground and belowground carbon. We first estimated aboveground carbon stock by 951 

calculating the total biomass of each of the main tree fractions (trunk, bark, branches, and 952 

leaves) in each forest plot and multiplying them by their corresponding carbon concentratio n. 953 



 

 

The total aboveground carbon stock can be estimated by adding up the carbon stock of the 954 

four fractions. In a second step, we used species-specific values of root-to-total carbon 955 

proportion (Montero et al. 2005), to estimate belowground C storage for the entire tree, and 956 

therefore calculate total carbon stock as the sum of the aboveground and belowground carbon 957 

stock values.  958 

S.4.2.1. Aboveground biomass 959 

S.4.2.1.1. Trunk biomass 960 

Trunk biomass was calculated from the volume of the trunk, understanding as such the 961 

underbark volume from the base to the apex. To do so, we first need to know bark thickness, 962 

which we obtained from CPF (2004) as a function of the county, the species and the diameter 963 

class (Eq. 2).  964 𝑇𝑇𝐻𝐻𝑇𝑇𝑇𝑇𝑇𝑇𝐻𝐻𝑖𝑖 = 𝜋𝜋 ∗ (
𝐷𝐷𝑛𝑛𝑖𝑖−2∗𝐵𝐵𝑡𝑡𝑘𝑘2 )2 ∗ 𝐻𝐻𝑖𝑖 ∗ 𝐾𝐾𝑓𝑓𝑘𝑘     (2) 965 

TrunkVi is the underbark volume of tree i, Dni is diameter of tree i, Hi is the height of tree i, 966 

Kfk is the form factor, and Btk is the bark thickness, as obtained from CPF (2004). All 967 

variables must be in the same units. 968 

Once the volume is calculated, we converted it into biomass estimates by multiplying the 969 

volume by the timber density (Eq. 3). 970 𝑇𝑇𝐻𝐻𝑇𝑇𝑇𝑇𝑇𝑇𝐵𝐵𝑖𝑖 = 𝑇𝑇𝐻𝐻𝑇𝑇𝑇𝑇𝑇𝑇𝐻𝐻𝑖𝑖 ∗ 𝛿𝛿𝑇𝑇𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚      (3) 971 

where TrunkBi is the trunk biomass of tree i, TrunkVi is the tree volume (without bark) and 972 𝛿𝛿𝑇𝑇𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the timber density. 973 

S.4.2.1.2. Bark biomass 974 

Bark volume was calculated by substracting, from the underbark timber volume (TrunkV), 975 

the timber volume without the current bark thickness (Eq. 4). 976 𝐵𝐵𝐻𝐻𝐻𝐻𝑇𝑇𝐻𝐻𝑖𝑖 = 𝑇𝑇𝐻𝐻𝑇𝑇𝑇𝑇𝑇𝑇𝐻𝐻𝑖𝑖 − 𝜋𝜋 ∗ (
𝐷𝐷𝑛𝑛𝑖𝑖−4∗𝐵𝐵𝑡𝑡𝑘𝑘2 )2 ∗ 𝐻𝐻𝑖𝑖 ∗ 𝐾𝐾𝑓𝑓𝑘𝑘    (4) 977 



 

 

where Barki is the bark volume of tree i, TrunkVi is the underbark tree volume, Dni is diameter 978 

of tree i, Hi is the height of tree i, Kfk is the form factor, and Btk is the bark thickness, as 979 

obtained from CPF (2004). Btk is multiplied by four because the bark thickness is detracted 980 

twice at each side of the trunk, as specified above. 981 

Once we estimated the bark volume for each tree, we determined bark biomass using the 982 

species-specific bark density (Eq. 5), which we obtained from CPF (2004): 983 𝐵𝐵𝐻𝐻𝐻𝐻𝑇𝑇𝐵𝐵𝑖𝑖 = 𝐵𝐵𝐻𝐻𝐻𝐻𝑇𝑇𝐻𝐻𝑖𝑖 ∗ 𝛿𝛿𝐵𝐵𝐵𝐵𝑚𝑚𝑘𝑘        (5) 984 

where BarkBi is the bark biomass, BarkVi is the bark volume, and 𝛿𝛿𝐵𝐵𝐵𝐵𝑚𝑚𝑘𝑘  is the bark density 985 

for that species. 986 

S.4.2.1.3. Branch and leaf biomass 987 

Branch and leaf biomass were directly sourced from the CPF (2004), where we obtained a 988 

biomass value for branches (BranchBi), and another one for leaves (LeafBi) for each species, 989 

diameter class and county. Once we calculated the biomass of each aerial fraction, the total 990 

aerial biomass was calculated by simply adding the values (Eq. 6) 991 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖 = 𝑇𝑇𝐻𝐻𝑇𝑇𝑇𝑇𝑇𝑇𝐵𝐵𝑖𝑖 + 𝐵𝐵𝐻𝐻𝐻𝐻𝑇𝑇𝐵𝐵𝑖𝑖 + 𝐵𝐵𝐻𝐻𝐻𝐻𝑇𝑇𝐵𝐵ℎ𝐵𝐵𝑖𝑖 + 𝐿𝐿𝐻𝐻𝐻𝐻𝑓𝑓𝐵𝐵𝑖𝑖   (6) 992 

where Biomassi is the total aerial biomass of tree i, and TrunkBi, BarkBi, BranchBi, and LeafBi 993 

are the trunk, bark, branches and leaf biomass of tree i, respectively. 994 

S.4.2.2. Aboveground carbon storage 995 

The biomass fractions calculated in the previous section were used to calculate the 996 

aboveground carbon stored in each tree. Each of these fractions (trunk, bark, branches and 997 

leaves) were multiplied by their corresponding carbon concentration (Eq. 7). Therefore: 998 𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 = 𝐴𝐴𝑡𝑡𝑚𝑚𝑡𝑡𝑛𝑛𝑘𝑘 ∗ ∑𝑇𝑇𝐻𝐻𝑇𝑇𝑇𝑇𝑇𝑇𝐵𝐵𝑖𝑖 + 𝐴𝐴𝑚𝑚𝐵𝐵𝑚𝑚𝑘𝑘 ∗ ∑𝐵𝐵𝐻𝐻𝐻𝐻𝑇𝑇𝐵𝐵𝑖𝑖 + 𝐴𝐴𝑚𝑚𝑚𝑚𝐵𝐵𝑛𝑛𝑏𝑏ℎ ∗ ∑𝐵𝐵𝐻𝐻𝐻𝐻𝑇𝑇𝐵𝐵ℎ𝐵𝐵𝑖𝑖 + 1000 

                                    + 𝐴𝐴𝑙𝑙𝑚𝑚𝐵𝐵𝑙𝑙 ∗ ∑𝐿𝐿𝐻𝐻𝐻𝐻𝑓𝑓𝐵𝐵𝑖𝑖        (7) 999 

where Ctrunk, Cbark, Cbranch, and Cleaf are the species-specific percentage of carbon content for 1001 

trunk, bark, branches and leaves, respectively, whereas TrunkBi, BarkBi, BranchBi, and 1002 



 

 

LeafBi are the calculated biomass for trunk, bark, branches and leaves. The carbon content 1003 

for each aerial tree fraction were sourced from CPF (2004).  1004 

S.4.2.3. Belowground carbon storage 1005 

Finally, we use species-specific values of root-to-total Carbon proportion (Montero et al. 1006 

2005), to estimate belowground C storage for all tree, and therefore calculate total carbon 1007 

(Eq. 8) 1008 𝑇𝑇𝐵𝐵𝐻𝐻𝐻𝐻𝑇𝑇𝐴𝐴𝐻𝐻𝐻𝐻𝑇𝑇𝐵𝐵𝑇𝑇𝑖𝑖 = (1 + 𝑃𝑃𝑃𝑃𝐵𝐵𝐵𝐵𝐻𝐻𝑖𝑖) ∗ 𝐴𝐴𝑇𝑇𝐵𝐵𝐻𝐻𝐻𝐻𝐴𝐴𝐻𝐻𝐵𝐵𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴𝐻𝐻𝐻𝐻𝑇𝑇𝐵𝐵𝑇𝑇𝑖𝑖   (8) 1009 

where PRooti is the proportion of root-to-total C according to Montero et al. (2005). 1010 

S4.2 Water provision 1011 

We used the soil water balance model (medfate) described in De Cáceres et al. (2015) to 1012 

estimate water fluxes over the 99-yr period (2001-2100) for each combination of plot, 1013 

climatic scenario and management regime. The model follows the design principles from 1014 

BILJOU (Granier et al., 1999) and SIERRA water balance submodel (Mouillot et al.,2001). 1015 

The model performs daily updates of soil water content as a function of the stand structure 1016 

and daily weather (radiation, temperature and precipitation). Soil water balance is thus the 1017 

difference between processes determining water input (precipitation) and outputs (canopy 1018 

interception, tree transpiration, bare soil evaporation, surface runoff and deep drainage). The 1019 

model deals with vertical hydrologic processes, neglecting lateral flows due to topographic 1020 

effects. Details of the formulation of each of these processes are given in De Cáceres et al. 1021 

(2015). The water balance model requires stand structure to be described at the cohort level 1022 

by the average height of individuals and their cumulative leaf area index (LAI). We used the 1023 

annual predictions of forest composition and structure given by SORTIE-ND to update the 1024 

canopy evaporative surface every year by calculating LAI of each cohort as follows 8Eq. 9): 1025 𝐿𝐿𝐴𝐴𝐿𝐿 = 𝑆𝑆𝐿𝐿𝐴𝐴 ∗ 1 𝑆𝑆⁄ ∗ ∑ �𝐻𝐻 ∗ 𝐷𝐷𝐵𝐵𝐻𝐻𝑖𝑖𝑚𝑚 ∗ 𝐻𝐻𝑏𝑏∗𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖 ∗ 𝐷𝐷𝐵𝐵𝐻𝐻𝑖𝑖𝑑𝑑∗𝐵𝐵𝐵𝐵𝐿𝐿𝑖𝑖 �𝑛𝑛𝑖𝑖=1   (9) 1026 

where LAI is leaf area index, SLA is a species-specific value of leaf area, 𝑆𝑆 is the plot 1027 

surface,(10000 m^2), 𝐷𝐷𝐵𝐵𝐻𝐻𝑖𝑖 is the diameter at breast height of the target tree i, and 𝐵𝐵𝐴𝐴𝐿𝐿 𝑖𝑖 is 1028 

the basal area of trees with a larger DBH than the target tree i; whereas a, b, c, and d are 1029 



 

 

parameters calibrated against data from the Catalan forest inventory (Gracia et al., 2004). 1030 

The soil was represented using two layers with a total depth of 50 cm, a loamy texture (USDA 1031 

soil texture definition) and a rock content fraction of 10-15% in volume. The proportion of 1032 

fine roots in the two layers was set assuming a conic distribution of the roots across the whole 1033 

profile. 1034 

The daily water balance was simulated for each input stand structure dynamic simulated by 1035 

SORTIE-ND (i.e. one for each combination of site, climatic scenario, management regime 1036 

and simulation replicate). We calculated the annual amount of blue water (BW; in mm = l·m-1037 

2) as the annual sum of water exported via runoff and deep drainage, and also the annual 1038 

proportion (BWrel) relative to annual precipitation (the indicator reported in the main text).  1039 

S4.3 Mushroom yield 1040 

Based on the mushroom yield models developed by de-Miguel et al. (2014), we used two-1041 

stage hurdle models within a generalized linear mixed-effects modeling framework to predict 1042 

the annual productivity of edible, marketed mushrooms. The models were modified to 1043 

account for the influence of weather conditions, in addition to topographic and stand 1044 

characteristics, on mushroom yield. Accordingly, the first part of the hurdle models aimed at 1045 

predicting the probability of occurrence of mushroom production based on binomia lly 1046 

distributed data (i.e., absence or presence) using logistic regression (Eq.10) along with a logit 1047 

link function (Eq.11). The second part of the hurdle models aimed at predicting mushroom 1048 

yield conditional on the probability of mushroom occurrence by means of linear regression 1049 

along with a logarithmic transformation of the response variable (Eq. 12). Finally, the 1050 

expected annual mushroom yield for a given plot was obtained by multiplying the estimates 1051 

of Eq. 10 and the back-transformed estimates of Eq. 12 by a Snowdon (1991) correction 1052 

factor for the back-transformation bias (Eq. 13).  1053 

     (10) 1054 

𝑝𝑝�𝑦𝑦𝑖𝑖𝑗𝑗 = 1|𝑥𝑥� = 𝜋𝜋(𝑥𝑥) =
1

1 + 𝐻𝐻−��𝛼𝛼0+𝐵𝐵1𝑖𝑖+𝑚𝑚1𝑗𝑗�+𝛼𝛼𝑿𝑿𝑖𝑖𝑗𝑗1 �  



 

 

   (11) 1055 

      (12) 1056 𝑦𝑦𝐵𝐵𝐻𝐻𝑇𝑇𝐴𝐴𝑖𝑖𝑗𝑗 = 𝑝𝑝�𝑦𝑦𝑖𝑖𝑗𝑗 = 1|𝑥𝑥� ∙ 𝑦𝑦𝐵𝐵𝐻𝐻𝑇𝑇𝐴𝐴𝑏𝑏𝑖𝑖𝑗𝑗 ∙ 𝐵𝐵𝐴𝐴𝐵𝐵     (13) 1057 

where p(yij = 1|x)) is the probability of occurrence of edible, marketed mushrooms in plot i 1058 

and year j, yieldcij is edible, marketed mushroom yield conditional on mushroom occurrence 1059 

in plot i and year j (kg ha-1 yr-1), yieldij is the predicted edible, marketed mushrooms yield in 1060 

plot i and year j (kg ha-1 yr-1), α and β denote fixed-effects, a1i and a2i denote plot random 1061 

effects, b1j denotes year random effects (plot and year random effects were crossed), Xij1 and 1062 

Xij2 denote vectors of predictor variables in plot i and year j, and BCF denotes Snowdon’s 1063 

bias correction factor. The predictors in Xij1 were the following: aspect, monthly precipitation 1064 

of August, September and October and stand basal area. The predictors in Xij2 were the 1065 

accumulated precipitation from August to November, and the mean temperature of August. 1066 

S4.4. Soil erosion mitigation 1067 

We estimated the capacity of forest plots to prevent soil erosion following the approach 1068 

proposed by Guerra et al. (2014, 2016). In this approach, Guerra and collaborators 1069 

reinterpreted the Universal Soil Loss Equation (USLE) (Wischmeier & Smith, 1978) to 1070 

estimate soil loss and the contribution of vegetation to soil erosion prevention (SEP) in a 1071 

three-step process. 1072 

First, it is necessary to estimate the structural impact (γ), this is, the soil erosion (t ha-1) that 1073 

could potentially occur if vegetation was absent (soil exposed to erosive agents). This is 1074 

calculated using Eq. 14 1075 

Structural impact    γ = 𝑃𝑃 ∙ 𝐿𝐿𝑆𝑆 ∙ 𝐾𝐾     (14) 1076 

where R is rainfall erosivity (units: MJ mm ha-1 h-1), LS is soil erodibility (an intrins ic 1077 

characteristic of each soil type; dimensionless) and K is the local topography (the stepper the 1078 

𝐴𝐴(𝑥𝑥) = 𝑇𝑇𝐵𝐵𝐴𝐴 � 𝜋𝜋(𝑥𝑥)

1− 𝜋𝜋(𝑥𝑥)
� = �𝛼𝛼0 + 𝐻𝐻1𝑖𝑖 + 𝐻𝐻1𝑗𝑗� + 𝛼𝛼𝑿𝑿𝑖𝑖𝑗𝑗1 

ln 𝑦𝑦𝐵𝐵𝐻𝐻𝑇𝑇𝐴𝐴𝑏𝑏𝑖𝑖𝑗𝑗 = (𝛽𝛽0 + 𝐻𝐻2𝑖𝑖) + 𝛽𝛽 ln𝑿𝑿𝑖𝑖𝑗𝑗2 



 

 

terrain the higher the structural impact; units: ha h ha−1 MJ−1 mm−1) (Panagos et al., 2015, 1079 

2014). Since soil erodibility and local topography remain constant over time, predictions of 1080 

structural impact were determined by changes in rainfall erosivity (linked to the climate 1081 

change scenario predictions).  1082 

The second step takes into account the contribution of the vegetation cover (trees in each 1083 

forest plot) to mitigate soil erosion through the following expression: 1084 

Mitigated impact   βe  = 𝑃𝑃 ∙ 𝐿𝐿𝑆𝑆 ∙ 𝐾𝐾 ∙ C      (15) 1085 

where the mitigated impact βe is the total soil loss (t ha -1) after vegetation cover, and C 1086 

(dimensionless) mitigates the structural impact (factors R×LS ×K). Note that the formulat ion 1087 

of the mitigated impact resembles the original USLE equation (Wischmeier & Smith, 1978), 1088 

without accounting for the conservation practices factor (P). 1089 

 𝑈𝑈𝑆𝑆𝐿𝐿𝑈𝑈 = 𝑃𝑃 ∙ 𝐿𝐿𝑆𝑆 ∙ 𝐾𝐾 ∙ 𝐴𝐴 ∙ 𝑃𝑃        (16) 1090 

In this study, the vegetation cover able to mitigate soil erosion (𝐴𝐴 factor) could potentially 1091 

change on an annual basis depending on forest growth and forest management. Finally, we 1092 

estimated the capacity each forest plot to prevent soil erosion as the difference between 1093 

mitigated impact (βe) and the structural impact (γ), in tons per ha. 1094 

The following sections detail how we quantified each parameter in Eq. 15 to obtain annual 1095 

predictions of the service prevention of soil erosion 1096 

S4.4.1. Rainfall erosivity predictions (𝑃𝑃) 1097 

Annual rainfall erosivity (𝑃𝑃-factor, MJ mm ha-1 h-1 year-1) was estimated using the MEdREM 1098 

model proposed by Diodato and Bellochi (2010) for the Mediterranean basin using Eq. 17: 1099 𝑃𝑃𝑀𝑀𝑚𝑚𝑑𝑑𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑇𝑇0 ∙ 𝑃𝑃 ∙ √𝐴𝐴 ∙ (𝛼𝛼+ 𝑇𝑇1 ∙  𝐿𝐿)     (17) 1100 

Where b0 (MJ ha-1 h-1) is a constant equal to 0.117, b1 (d0.5 mm -0.50-1) is a constant equal to -1101 

0.015, α (d0.5 mm-0.5) is a constant equal to 2, L (o) corresponds to the site longitude, d is the 1102 

annual maximum daily precipitation (mm d-1) and P (mm) is the annual rainfall.  1103 



 

 

We estimated the value of the 𝑃𝑃-factor for each year between 2016 and 2100 using the 1104 

predicted daily precipitation data of the CNRM-CERFACS-CNRM-CM5 global model, 1105 

regionalized to Europe at 11-km resolution (using CCLM4-8-17 and RCA4 regional dynamic 1106 

models), and under two different emission scenarios: RCP 4.5 (stabilization of radiative 1107 

forcing by 2100; Wise et al., 2009) and RCP 8.5 (high-end business-as-usual emissions 1108 

scenario; Riahi et al., 2011).  Estimates of the R-factor between 2000 – 2015 were based on 1109 

a daily interpolated historical series of meteorological data. 1110 

S4.4.2. Topographic and soil eroribility factors LS and K 1111 

Values of local topography (𝐿𝐿𝑆𝑆-factor) and soil erodibility (𝐾𝐾-factor) were sourced from the 1112 

European Soil Data Centre (esdac.jrc.ec.europa.au; Panagos et al., 2012). For the 𝐿𝐿𝑆𝑆-factor 1113 

we used the Slope Length and Steepness factor data set available at 100 m resolution across 1114 

Europe (Panagos et al., 2015b). The 𝐾𝐾-factor data was derived from the Soil Erodibility in 1115 

Europe High Resolution dataset (500 m) developed by Panagos et al. (2014), calculated from 1116 

data collected in the Land Use/Cover area frame survey (LUCAS) soil survey for 2009. 1117 

S4.4.3. Vegetation cover (C factor) 1118 

The capacity forest cover for mitigating soil erosion (𝑪𝑪-factor) of each plot was derived from 1119 

the medfate model (De Cáceres et al. 2015) (see section S.3.2). The model estimates a 1120 

proportion of forest cover as the one-complement of the proportion of light reaching the 1121 

ground, which is determined by Beer Lambert light extinction law, in turn determined by the 1122 

vertical distribution of leaf area across the canopy and species extinction coefficients.  1123 

S4.4.4. Estimate of soil erosion mitigation 1124 

For each year between 2001-2010 and each forest plot, we obtained an estimate of structural 1125 

impact (γ) by multiplying the annual predictions of rainfall erosivity under the two climate 1126 

change scenarios (RCP 4.5 and RCP8.5) with the values of the 𝐿𝐿𝑆𝑆 and 𝐾𝐾 factors (Eq. 14). 1127 

Then, we estimated the mitigated impact (𝛽𝛽𝐻𝐻) multiplying the structural impact by the 𝐴𝐴-1128 

factors estimated by medfate for each forest plot after forest growth and management, to get 1129 

annual estimates of actual soil loss in each plot (Eq. 15). The difference between the structural 1130 



 

 

impact (γ) and the mitigated impact (𝛽𝛽𝐻𝐻) is the measure of the service provision (soil erosion 1131 

mitigated by the forest cover) in tons per ha. 1132 

S4.5. Habitat for biodiversity 1133 

We used the total deadwood volume, which is considered a good surrogate for the diversity 1134 

of several species (Cordonnier et al., 2013), as a proxy of the availability of habitat. In 1135 

SORTIE-ND each standing dead tree, called a snag, has a certain probability of falling as a 1136 

function of its species, size, and decay class. Decay class ranges from 1 (the least decayed 1137 

condition) and 5 (the most decayed). SORTIE-ND simulates snag dynamics using the 5-year 1138 

probability of going from a live tree or one of five decay classes to each of the higher decay 1139 

classes. We defined these transition probabilities from the data collected by Montes and 1140 

Cañellas (2006) for even-aged Scots pine forests in Central Spain. This allowed us to keep 1141 

track of the position, size, and decay class of all snags in a plot. We estimated the probabilit ies 1142 

of falling for each dead tree using the equations provided by Vanderwel et al. (2006). 1143 
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Supplement S5. Spatial trade-offs under the RCP 8.5 climatic scenario 1217 

Spatial synergies and trade-offs between total ecosystem service provision by forest plots 1218 

throughout the simulation period (2001-2100) detailed for the four alternative management 1219 

scenarios under severe climate change (RCP 8.5). Values correspond to pairwise Pearson´s 1220 

correlation coefficients (R2) between ecosystem services (positive correlations=synergies and 1221 

negative correlations=trade-offs), measured across the 261 studied forest plots. We also show 1222 

the correlations between the provision of each service and the accumulated precipitation over 1223 

the simulated period.  1224 

 1225 

 1226 
  1227 

 1228 


	Future trade-offs and synergies among ecosystem services in Mediterranean forests under global change scenarios
	Abstract
	1. Introduction
	2. Methods
	2.1 Study area and forest characteristics
	2.2 Scenario definition
	2.2.1. Climate change projections
	2.2.2. EU forest policy scenarios
	2.2.3. Translation of scenarios into forest management plans

	2.3 Modeling forest dynamics
	2.4 Modelling ecosystem services provision
	2.5 Scenario drivers’ contribution to ES provision
	2.6 Ecosystem services trade-offs and synergies

	3. Results
	3.1. Forest dynamics
	3.2 Future provision of ecosystem services
	3.3. Trade-offs and synergies between ecosystem services
	3.3.1. Impact of forest policy management scenarios as compared to current management
	3.3.2. Spatial trade-offs and synergies among ecosystem services at the plot level


	4. Discussion
	4.1 Ecosystem services, forest management and climate
	4.2. The role of environmental gradients, site quality and annual variability
	4.3. Forest policy management implications
	4.4. Limitations and future research needs
	4.5. Conclusions

	5. Acknowledgments
	6. References
	S.4.2.1. Aboveground biomass
	S.4.2.1.1. Trunk biomass
	S.4.2.1.2. Bark biomass
	S.4.2.1.3. Branch and leaf biomass
	S.4.2.2. Aboveground carbon storage
	S.4.2.3. Belowground carbon storage
	S4.4.3. Vegetation cover (C factor)
	The capacity forest cover for mitigating soil erosion (𝑪-factor) of each plot was derived from the medfate model (De Cáceres et al. 2015) (see section S.3.2). The model estimates a proportion of forest cover as the one-complement of the proportion of...
	S4.4.4. Estimate of soil erosion mitigation

	S4.5. Habitat for biodiversity
	References Supplement S4

