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Abstract

Mixed forests are increasingly recognized for their resilience to climate change and enhanced ecosystem services (ESs)
provision, making them a focal point for sustainable forest management strategies. This study examines the trade-offs in ESs
provision between pure and different proportions of mixed stands of Scots pine (Pinus sylvestris L.) and Maritime pine (Pinus
pinaster Ait.) in the Northern Iberian Range, Spain. Using the SIMANFOR simulation platform, we evaluated various silvi-
cultural scenarios developed to obtain different ESs such as carbon sequestration, timber and mushroom yields. Our findings
reveal that ESs provision varies depending on the forest type (pure or mixed) and the mixture proportion, following different
trends on each ES. The initial species proportions and their maintenance were less critical than the management approach
itself, which significantly influenced ESs outcomes. Focusing solely on individual ESs can lead to trade-offs, as highlighted
by our study on silviculture focused on large saw timber yields. However, adopting a balanced approach that considers mul-
tiple ESs can mitigate these trade-offs. Our findings underscore the effectiveness of this approach in maximizing yields of
mushrooms, sequestered carbon, and small saw timber. This research provides valuable insights for forest managers aiming
to balance productivity and sustainability in ESs provision, providing strategies to maximize compatible ESs effectively.

Keywords Mediterranean forests - Carbon sequestration - Mushroom production - Wood production - Simulation

Introduction

Mixed forests buffer climate change impacts, thus turning
the researchers' and managers' attention to their poten-
tial in the present context of climate change (Toigo et al.
2015; Bravo 2022). Comparative studies have revealed the
enhanced stability (Mufioz-Galvez et al. 2021; del Rio et al.
2022a, b) and even heightened productivity (Pretzsch and
Schiitze 2009, 2016; Forrester 2014; Pretzsch and Forrester
2017) of mixed forests over monocultures, which is attrib-
uted to complementary effects (Toigo et al. 2015; Pretzsch
and Schiitze 2016; Del Rio et al. 2017; Riofrio et al. 2017b,
a, 2019) and more efficient resource utilization (Pretzsch
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2014; Pretzsch and Schiitze 2016; Riofrio et al. 2017a, b) in
mixed forests. Mixed stands also display greater resilience
and resistance to biotic and abiotic disturbances compared
to pure stands (Del Rio and Sterba 2009; Del Rio et al.
2017; Pardos et al. 2021). With such findings, forest man-
agement techniques can be tailored to promote mixed forests
as a promising strategy for alleviating forest drought stress
(Steckel et al. 2019; del Rio et al. 2021, 2022a, b).

Forests play a crucial role in providing a wide range of
goods and services essential to human well-being. These
ecosystem services (ESs) encompass biomass production,
habitat provisioning, carbon sequestration, and cultural
benefits, among others (Brockerhoff et al. 2017). However,
while some ESs can be generated under the same silvicul-
tural scenario (Ordéfiez et al. 2024), maximizing the provi-
sion of these ESs presents a significant challenge due to
inherent trade-offs, leading to situations where the overall
maximum is not possible for all ESs simultaneously (Aldea
et al. 2014). Mixed forests have emerged as a promising solu-
tion in this regard. For example, mixed stands comprising
Scots pine, Norway spruce, and birch in Sweden have dem-
onstrated higher levels of ESs compared to monocultures
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(Jonsson et al. 2019). Forest management practices also play
a pivotal role in navigating these trade-offs. Strategies such
as enhancing structural diversity, for instance by preserv-
ing large trees and fostering canopy gaps, have been shown
to promote the supply of multiple ESs, thereby potentially
mitigating trade-offs among them (Felipe-Lucia et al. 2018).
Forest management can modulate trade-offs between timber
production, biodiversity conservation, and protection against
natural hazards, resulting in efficient optimal silvicultural
scenarios (Lafond et al. 2017).

Despite the growing interest in mixed stands, there is a
lack of management guidelines for those stands and detailed
studies of such stands over time. Experimental and obser-
vational studies cannot cover all the potential silvicul-
tural combinations, but modelling has emerged as a way
of gaining insight into the effects of management on forest
adaptation (Bravo and Vazquez-Veloso 2024). The field is
developing quickly, and the possibility of integrating mixed
stands growth models into simulation platforms can be a
valuable alternative to explore silviculture effects in mixed
stands without previous expertise. This applied to the Span-
ish climate-sensitive growth models (Rodriguez de Prado
2022) that have been integrated into the SIMANFOR simu-
lator (Bravo et al. 2012, 2025). The SIMANFOR platform
is a cloud service that allows simulating different forest
silvicultural scenarios for each operational unit, compar-
ing and ranking them to select the one that better reaches
the management goal. Therefore, SIMANFOR enables the
understanding of the factors influencing forest dynamics at
both the tree and stand levels by allowing the comparison of
silvicultural alternatives, as demonstrated in previous stud-
ies (Bravo and Diaz-Balteiro 2004; Bravo et al. 2008). By
including mixed stand models on the SIMANFOR platform,
new possibilities open up for exploring management alterna-
tives in situations where observational and experimental data
are scarce due to high forest complexity or changing drivers
of forest dynamics (Pretzsch and Schiitz 2014). Growth and
yield information is provided on simulations for both wood
and non-wood resources, and some of them were previously
studied such as fungi (De La Parra Peral et al. 2017) and
pine nuts (Vazquez-Veloso et al. 2022) using that simula-
tor. Carbon content is also provided and has been studied
through several silviculture alternatives in pure stands (Mar-
tin Ariza et al. 2017) and under varying future climate sce-
narios for mixed stands (Rodriguez de Prado et al. 2023).
These examples illustrate how simulations offer valuable
insights to support decision-making in selecting silvicultural
strategies for scenarios lacking prior experimental data, such
as most Mediterranean mixed forests.

Our study focuses on pure and mixed forests containing
Scots pine (Pinus sylvestris L.) and Maritime pine (Pinus
pinaster Ait.) in the Northern Iberian Range (Spain). Scots
pine thrives across Europe, with approximately 1,000,000
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hectares of pure stands just in Spain (Del Rio and Sterba
2009). Its ecological and commercial significance has
spurred extensive research across Europe. While Scots
pine commonly occurs in pure stands within natural and
forested areas (Durrant et al. 2016), it also appears in
mixed stands with various coniferous and broadleaf spe-
cies. In Spain, it creates natural mixed stands in low-alti-
tude areas with Maritime pine and Pyrenean oak (Quercus
pyrenaica Willd.), while in high-altitude areas it mixes
with European beech (Fagus sylvatica L.), European black
pine (Pinus nigra J. F. Arnold), Mountain pine (Pinus
uncinate Ramond ex A. DC.) and Sessile oak (Quercus
petraea (Matt.) Liebl.) (Del Rio et al. 2022a, b). Maritime
pine, native to the western Mediterranean Basin and the
Atlantic coast, is also widely distributed in both natural
and planted forests throughout Spain (MITECO 2024).
Its ecological resilience and adaptability have led to its
use in reforestation efforts beyond its native range (Alia
and Martin 2003; Pardos et al. 2021). In Spain, it natu-
rally appears in mixed stands with Scots pine as well as
with Stone pine (Pinus pinea L.), Pyrenean oak, Holm oak
(Quercus ilex L.), Portuguese oak (Quercus faginea Lam.)
and even with juniper species (Ruano et al. 2022). These
two prominent forest species frequently occur in both pure
and mixed stands, either naturally or by deliberate selec-
tion for reforestation, with mixed stands being widespread
in Spain (Montero et al. 2008). The benefits of this mixture
have been observed. Both differences in growth phenology
(Camarero et al. 2010; Vieira et al. 2014) and response
to climate conditions (Bogino and Bravo 2008; Bogino
et al. 2009) reduce inter-specific competition during part
of the growing season, thus resulting in complementarity
between the species. Higher productivity in the Pinus
sylvestris—Pinus pinaster mixture was also observed
due to crown complementarity and vertical stratification
(Riofrio et al. 2017a, b; Cattaneo et al. 2018). In addi-
tion, comparing the mixture with pure stands of both spe-
cies, it is observed that CO, reserves and accumulation
rates increase over time in the mixed stands (Rodriguez
de Prado et al. 2023). At the soil level, the organic matter
quality shows higher values in mixed stands when com-
pared to pure stands as a contribution of both overstory
(both pine species) and understory (vascular plant species)
diversity (Lopez-Marcos et al. 2024).

In this study, we evaluated alternatives for silvicultural
scenarios according to the provision of different ESs in pure
and mixed stands. Our main goal is to evaluate the trade-offs
provided by each reference silviculture in maximizing ESs
and quantify their provision in both mixed and pure stands.
To accomplish this objective, a case study in the Northern
Iberian Range of Spain was developed testing different silvi-
cultural alternatives for Scots pine and Maritime pine. Spe-
cifically, we aim to address the following research questions:
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1. Is the maintenance of the initial mixture proportions
crucial for the provision of ESs?

2. How will the provision of ESs differ between mixed and
pure stands?

3. Does the initial proportion of species mixtures influence
the provision of ESs?

4. Will the lack of management result in a decrease in ESs?

5. Does silviculture targeting a specific ES enhance that
service while reducing others?

Materials and methods
Study area and data
The selected study area was in Pinar Grande (Fig. 1), a Pub-

lic Utility Forest located in Castilla and Le6n (Spain), which
covers the northwest area of Soria province. Both Scots pine
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Fig.1 Location of Soria province (red polygon) and Pinar Grande
(yellow polygon) in Spain along with the distribution of Scots pine
(blue) and Maritime pine (orange) stands according to the Spanish
Forest Map (MITECO 2024). Intense colors represent the locations
where each species is dominant, while light colors represent areas

and Maritime pine are highly representative in the study
area. This area has been managed by the public forest ser-
vice for more than 100 years, adapting their management
techniques over time and producing different ecosystem ser-
vices (ESs) like wood, resin, mushrooms, pasture for cattle,
hunting and recreation, among others (Dominguez-Lerena
2007; Pascual-Arranz 2012; Aldea et al. 2014). The data
used in this study is based on previous research carried out
in the same area. Species proportion rates and the average
productivity of the area, determined by its Site Index, were
obtained from Riofrio et al. (2017b). The productivity of
the study area is relatively high on a regional scale, with a
Site Index of 21 for both species, averaging across various
local conditions. With these values as reference, inventory
data on species proportions was taken from the observed
silviculture for Scots pine and Maritime pine in Castilla and
Leén region (Del Rio et al. 2006). Therefore, five represent-
ative plots were selected as initial data, representing pure
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where species are secondary, thus highlighting areas with mixtures.
At the left-bottom a Climodiagram of Walter and Lieth was included
summarizing the mean monthly precipitation and temperature values
of the period 1990-2020. (Color figure online)
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Scots pine and Maritime pine stands and their mixtures in
three proportions: pure Scots pine (PS), mixed stand with
initial Scots pine proportions of 30% (PS30), 50% (PS50)
and 70% (PS70), and pure Maritime pine (PP). All plots have
the same initial characteristics to allow fairer comparisons
among results: the initial age is 30 years, the stand density is
1500 trees - ha™', the stand basal area is 36.8 m? - ha™', the
dominant height is 13.5 m, and the stand volume is 220.1
m® - ha™!,

Climate data was necessary for simulation purposes.
Thus, the studied period was established from 2000 to 2120
according to the silviculture applied, detailed in the follow-
ing section. Climate conditions were considered homoge-
neous for the study area and plot coordinates of the “Pinar
Grande” area were used as the reference for extracting
climate data (41.88166327 N, 3.13207041 W). Historical
monthly climate data was obtained from WorldClim2 (Fick
and Hijmans 2017) for the available 2000-2021 period,
while the downscaled future climate projections were
obtained from the same source using the Coupled Model
Intercomparison Project Phase 6 (CMIP6) (Petrie et al.
2021). For future climate data, annual minimum tempera-
ture, maximum temperature and total precipitation values
were predicted by the 6th version of the Model for Interdisci-
plinary Research on Climate (MIROC6) (Tatebe et al. 2019)
under the Shared Socioeconomic Pathway 2 (SSP2). Data
resolution is provided for four different periods (2021-2040,
2041-2060, 2061-2080, and 2081-2100), so climate values
were selected according to the period where each step of
the simulation is developed. SSP2 was selected because it
represents a “middle of the road” future climate scenario
(O’Neill et al. 2017). The Martonne Aridity Index (Mar-
tonne 1926) was calculated for each period of 20 years, as
it is also required for the simulation. Data was processed
using R (R Core Team 2021) and the packages tidyverse
(Wickham et al. 2019), raster (Hijmans 2023), rgdal (Bivand
et al. 2023) and ggplot2 (Wickham 2016).

Silvicultural scenarios definitions

Different silviculture scenarios were simulated according
to different management purposes. To achieve this, various
sources on the silvicultural practices for each species and
management objective were reviewed and tested through
multiple simulations. From these, a single alternative was
selected for each management goal that maximized the target
ES (whether wood, carbon, or mushrooms):

A control scenario (CONTROL) without silviculture was
simulated as the reference of natural growth, with no thin-
ning during the simulation.

Business-as-usual scenario (BAU) was simulated accord-
ing to the guidelines provided by Pascual-Arranz (2012) for
the “Pinar Grande” study area, where both Scots pine and
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Maritime pine occur in both pure and mixed stands. This
scenario includes a precommercial thinning at 20 years of
stand age to establish the initial stand density after the natu-
ral regeneration, and two additional thinning from below
at 40 and 60 years with intensities around 30-35% of stand
basal area. The shelterwood method is applied at the end of
the rotation period to facilitate natural regeneration.

Three more scenarios focused on the production of
one ecosystem service were defined according to the
bibliography:

A scenario focused on wood production (WOOQOD) to pro-
vide a larger amount of saw wood was simulated as well,
using as a reference the silvicultural scenarios described by
Del Rio et al. (2006) and adapted to our species mixtures.
Here, systematic thinning that preserving future trees is
applied at different stand ages, reducing thinning intensity
when increasing stand age and tree sizes. These interven-
tions pursue the growth of a selected percentage of the big-
ger trees by extracting their neighbors, independently of the
neighbor’s size. As a result, this scenario tries to reduce
the target trees' competition while reaching higher stem
dimensions.

A scenario focused on carbon sequestration (CARBON)
was included using the silvicultural guidelines provided by
Ruiz-Peinado et al. (2017). In this scenario, systematic thin-
ning is conducted every 15 years, removing on average 20%
of the stand basal area. The authors argue that such intensive
thinning can promote tree growth and achieve higher carbon
sequestration rates.

Lastly, a scenario focused on mushroom production
(MUSHROOM) was also included using the guidelines
detailed by Sanchez-Gonzéalez et al. (2019) and adapting
them to the rotation period selected. This scenario is based
on short intervention periods of 10 years aiming to extract
the same amount of basal area produced during the previous
10-year period, thus opening the canopy cover and promot-
ing mushroom fructification. To do that, systematic thin-
ning interventions are applied every 10 years removing the
incremental basal area of the last period (on average 20% of
the stand basal area).

To directly compare these scenarios in terms of produc-
tion, a common rotation period was established at 120 years.
This rotation length falls within the range limits established
for the business-as-usual management scenario (Pascual-
Arranz 2012), and can satisfy the requirements suggested
for both wood production (Del Rio et al. 2006) and car-
bon sequestration (Ruiz-Peinado et al. 2017) silvicultural
scenarios.

The same scenarios and rotation period were used to test
the effect of maintaining the initial species proportion in the
stand. Scenarios with thinning’s based on tree size (i.e. thin-
ning from below) were used without considering an equal
proportion of species extracted, thus having the possibility
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to modify the species proportion of the field. However, when
aiming to develop the simulations maintaining the initial
mixture of the stand, the already mentioned types of thin-
ning were adapted to extract the same amount of wood from
both species, maintaining the species proportion in the field.

Finally, scenarios regardless of the ES for which it was
intended and forest types were directly compared for each
ES at the end of the simulation period, ranking them accord-
ing to their total production. Both wood and carbon ES pro-
ductivity in the final ranking included the harvested trees,
while losses associated with deadwood and the carbon stock
decay rates of harvested trees were not taken into account. A
summary of each scenario and their thinning types, intensi-
ties and periodicity can be consulted in Appendix 2.

Models and simulations

The SIMANFOR forest management simulator was used
to perform all the simulations. In its initial version (Bravo
et al. 2012), the simulator was limited in terms of the models
implemented. Recently the simulator was entirely rewritten,
making its structure more flexible and allowing the integra-
tion of models with different structures as detailed in Bravo
et al. (2025). One example is the implementation of distance-
independent individual-tree growth models, developed for
mixed stands and incorporating the effects of climate (Rod-
riguez de Prado 2022). These models were chosen for this
study, and they are composed of three core modules: basal
area increment (BAI) (Rodriguez de Prado et al. 2022a),
the height-diameter relationship (h/d) (Rodriguez de Prado
et al. 2022b) and both the Stand Density Index (SDI) and
the Maximum Stand Density Index (SDImax) (Rodriguez
de Prado et al. 2020). Details about models’ implementa-
tion are available in Fig. 2, and further information about
the SIMANFOR platform is provided in (Bravo et al. 2025)
and in Appendix 1.

When using those models through the SIMANFOR
simulator, the initialization process completes user data
by filling in default tree variables (i.e., crown, biomass),
species-specific variables (i.e., intra- and inter-specific
basal area of the tree) and stand variables (i.e. dominant
height). After initialization, each step programmed on the
silvicultural scenario is developed. When the projection
is selected, survival, growth and ingrowth modules are
applied. The survival module is based on the SDI and SDI-
max values for each species; these are estimated using
the climate-dependent maximum size-density relationship
(MSDR) models developed by Rodriguez de Prado et al.
(2020) for each species. Thus, when SDImax > SDI for a
given species, mortality does not occur, but when SDI-
max < SDI, the mortality rate is assumed to be a 2% for
all the trees in the stand of the already mentioned species.
The growth model is activated next, using BAI equations

(Rodriguez de Prado et al. 2022a) to update the tree basal
area and the h/d relationship equations (Rodriguez de
Prado et al. 2022b) to update each tree height value, both
using the corresponding species parameters. Ingrowth is
not considered in these models. Finally, the general and
species-specific tree and stand variables are updated using
the same structure as the initialization process.

When the thinning module is selected, affected trees
according to the thinning setup are labelled as “dead”
and not included in the following simulation steps. After
that, each tree and plot variable are also updated. Harvest
modules are part of the simulator core and are independ-
ent from the models implemented. They can develop thin-
ning of different types (systematic, from above and from
below), including different intensities (from 0 to 100% in
terms of density, basal area and volume of the stand), with
the possibility to preserve a percentage of the bigger trees
in the stand (i.e. for wood production purposes) or apply
harvest to just one of the species in the stand (when using
mixed stands).

To fulfil the desired management objectives, mod-
ules for calculating wood production, carbon content and
mushroom production were included in the simulator. The
wood production target is estimated for two different saw
wood products based on the log dimensions for the stud-
ied species according to Rodriguez et al. (2008). Thus,
the requirements for big saw timber are 2.5 m length and
40 cm diameter on the thinnest side, while the smaller
saw products require 2.5 m length and 25 cm diameter on
the thinnest side. To calculate them, the taper equations
published for each species (Lizarralde 2008) were used,
extracting the diameter of the tree at different heights and
considering each log that fulfilled the previous require-
ments. A biomass module was used to estimate the dry
biomass weights of different tree compartments (Ruiz-
Peinado et al. 2011) and their carbon content according to
the biomass-carbon ratios of Montero (2005), considering
the sum of all compartments (stem, branches, leaves and
roots). This study presents values for both wood and car-
bon sequestered, including the amount of wood extracted
on harvests and also the wood that remains in the field
at the end of the simulation, which summarizes the total
production of the simulated silvicultural scenarios. Yields
from deadwood were excluded, and decay rates for carbon
stocks associated with harvested trees were not estimated,
as the primary focus of the study is on productivity linked
to silviculture. Lastly, a module for mushroom produc-
tivity was also used based on the equations provided by
Séanchez-Gonzalez et al. (2019). These equations estimate
the mushroom production of both Scots pine and Maritime
pine in pure stands, so the average production on mixed
stands was estimated based on the species proportion using
the following equation:
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Fig.2 SIMANFOR main structure and processes (data input, initiali-
zation, silvicultural scenario (including projection and thinning), out-
put generation) (left); SIMANFOR structure after the implementation

Mushroom = Mushmomsp1 * G _prop,; + Mushroomsp2 * G _Prop,

e))
where Mushroom is the total stand mushroom production (kg
~ha™! - year™), Mushroom,; and Mushroom,,, is the stand
mushroom production for pure stands of species 1 and 2 (kg
-ha~!- year™'), and G _propg,; and G_prop,,, represent the
stand basal area proportion of species 1 and 2 at the stand
level (%). Additionally, while the same equations have dif-
ferent parametrizations according to different non-excluding
mushroom groups (ectomycorrhizal, edible and marketed),
only ectomycorrhizal mushroom productivity was consid-
ered in that study to represent higher species diversity and
to simplify the silvicultural scenarios comparisons. Differ-
ent modules covering tree increment, allometry, density and

@ Springer

Start simulation

Initialization

=

Tree metrics
imputation

Plot metrics
imputation

read

( rxeny
Apply time Apply

projection thinning

v v

Thinning

Time projection No more
actions

Thinning
application

Tree metrics
update

v

Plot metrics
update

:—/

S
write
output

End simulation

of mixed-stand models, including new sub-models in grey (right).
Adapted from Bravo et al. (2025)
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provisioning ecosystem services are included in SIMAN-
FOR (Table 1).

Results
Species proportion over time

The simulations start with an initial species mixture propor-
tion, which can vary over time. The final species mixture
in terms of stand density and basal area for each manage-
ment scenario is summarized in Appendix 3. Simulations
were conducted twice: once maintaining the initial species



European Journal of Forest Research

Table 1 Overview of SIMANFOR simulator modules, variables employed, units and their explanation in terms of calculations

SIMANFOR module Variable name  Unit

or abbreviation

Explanation

Increment in basal area parametrized for each species in mixture

Relationship between height and diameter parametrized for each species in
mixture

SDI based on the species-specific mixture and the climate conditions

Maximum SDI based on the species-specific mixture and the climate
conditions

Production in terms of wood volume estimated using the species-specific
taper equations and the wood characteristics of each product:

- Big saw: 2.5 m length and 40 cm thinnest diameter
- Small saw: 2.5 m length and 25 cm thinnest diameter

- Biomass: the dry biomass weight of a tree including all parts of each
individual (stem, branches, leaves and roots)

- Carbon: the carbon content of a tree, calculated for all parts of each

Basal area increment BAI cm?
Height-diameter relationship ~ h/d m
Stand density index SDI trees - ha™!
Maximum stand density index SDImax trees - ha™!
Wood production Big saw m? - ha™!

Small saw
Biomass Biomass tn -

Carbon ha™!
Mushroom productivity Mushroom kg -ha™! - year™!

individual (stem, branches, leaves and roots). Carbon content is estimated
from dry biomass weight as a species-specific percentage: 50.9% for
Pinus sylvestris and 51.1% for P. pinaster

Mean annual ectomycorrhizal mushroom production

proportions and once without, to assess the importance of
species mixture maintenance on ESs productivity (2).

Differences in ESs production were small when compar-
ing the same silvicultural scenarios in mixed stands with
when maintaining the initial species proportions or not.
Aimed at providing a higher wood supply, the products with
bigger sizes are maximized when initial species proportions
are not maintained through silviculture, while when starting
with a 30% of Scots pine results make no difference. In addi-
tion, when aiming to get products of small sizes, if maintain-
ing the initial species proportion through silviculture then
production is slightly lower in all the species proportions.

Results for mushroom productivity and carbon sequestra-
tion from silvicultural practices are equal, as silviculture is
based on systematic thinning and the original silvicultural
scenarios deviations from original proportions are slow.

ESs provision can also be analyzed in the BAU silvicul-
tural scenario as it is the actual management of the study
area. In this scenario, wood supply for higher dimensions
is achieved only in one of the initial mixture proportions
(PS70); while Maritime pine is the species that achieves
the minimum required size for that purpose, production
was higher when maintaining the initial species proportion.
However, when the target product sizes are smaller, pro-
duction is slightly higher when initial species proportions
are not maintained through silviculture consistently for all
the cases. Results for mushroom productivity showed the
opposite trend, as higher productivity was obtained when
initial species proportions were maintained through silvicul-
ture, consistently for all the cases. Carbon content at the end
of the simulation was practically the same in all the cases
studied (Fig. 3).

Forest type and mixture proportions on ecosystem
services provision

We have simulated different silvicultural scenarios to ana-
lyze the provision of ESs under two forest types, including
pure and mixed stands. Additionally, three levels of mixture
were also considered.

In order to facilitate interpretation, Table 2 presents a
simplified subset of the more detailed calculations provided
in Table 3. This approach in Table 2 allows us to detail the
ESs provisions based on mixture proportions, considering
exclusively the ES for which each silvicultural scenario was
developed. Our results showed differences in ESs outcomes
provided by each type of forest. In terms of wood supply,
Maritime pine pure stands reached higher production levels
than Scots pine pure stands. The different mixture propor-
tions were able to provide higher big saw production when
Scots pine initial proportions were 30% and 50%. Small saw
production was lower across all mixture proportions com-
pared to pure stands of Maritime pine and declined further
as the percentage of Scots pine increased (Table 2).

When considering the management of mushroom produc-
tion, Scots pine pure stands provided higher production than
Maritime pine pure stands by far. For the different mixture
proportions, higher Scots pine presence in the stand resulted
in increased mushroom production, though this was consist-
ently lower than both pure stand productions (Table 2).

In terms of carbon content, mixed stands sequestered
more carbon than either of the pure stands, although the dif-
ferences between mixture proportions were not significant.
Among the pure stands, Maritime pine sequestered more
carbon than Scots pine (Table 2).
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Fig.3 Comparison of each silvicultural scenario and its target eco-
system service when initial mixture proportion is maintained (light
green) or not (dark green) for the different mixture proportions stud-
ied (mixed stand with initial Scots pine proportions of 70% (PS70),

Table2 Provision of target ecosystem services (big saw, small
saw, mushroom and carbon) for each of the silvicultural scenarios
(WOOD, MUSHROOM, CARBON) and forest type according to its

50% (PS50) and 30% (PS30)). The values for big saw, small saw and
carbon included both harvested and remaining yields in the field at
the end of the simulation period. (Color figure online)

initial mixture proportions [pure Scots pine (PS), mixed stand with
initial Scots pine proportions of 70% (PS70), 50% (PS50) and 30%
(PS30), and pure Maritime pine (PP)]

Silvicultural scenarios WOoOoD MUSHROOM  CARBON
Bigsaw  Small saw Mushroom Carbon higher
Ecosystem services
(m3-ha?) (m*ha') (kg-halyear') (tn-ha?)
PS 0.00 193.19
] PS70
Q
2
2 e B
5
w PS30
PP lower

The values for big saw, small saw and carbon included both harvested and remaining yields in the field at the end of the simulation period,
excluding deadwood and carbon stock decay rates on harvested trees. The scale at the right indicates the color code employed to order the pro-

duction according to the forest type

@ Springer



European Journal of Forest Research

Table 3 Summary of all the

ecosystem services provision Stand Silvicultural

Ecosystem services

(big saw, small saw, mushroom type scenarios Bigsaw  Small saw Mushroom Carbon
and carbon) under each (m3-ha?) (m3-ha?) (kg-hat-year?) (tn-ha?)
silvicultural scenario (WOOD, _ high
MUSHROOM., CARBON. wooD 0.00 193.19 igher
BAU, CONTROL) and forest MUSHROOM 0.00
type according to its initial PS CARBON 0.00
mixture proportions [pure Scots BAU 0.00 204.70 49.81 293.92
pine (PS), mixed stand with
initial Scots pine proportions of CONTROL 0.00 36.49 237.28
70% (PS70), 50% (PS50) and WOO0D 318.06 29.23 324.23
30% (PS30), and pure Maritime MUSHROOM lower
pine (PP)]
PS70 CARBON
BAU
CONTROL 0.00 335.80 22.36 279.02
WOOoD 353.15 21.83 321.47
MUSHROOM
PS50 CARBON
BAU 0.00
CONTROL 0.00 370.16 17.56 293.46
woop 7SS4  407.90 17.98 315.19
MUSHROOM
PS30 CARBON
BAU 0.00
CONTROL 0.00 392.80 13.71 292.53
WOO0D
MUSHROOM
PP CARBON
BAU 0.00 425.65 12.93
CONTROL 0.00 [ 4338 8.24 277.44

The values for big saw, small saw and carbon included both harvested and remaining yields in the field
at the end of the simulation period, excluding deadwood and carbon stock decay rates on harvested trees.
The scale at the right indicates the color code employed to order the production according to the forest

type

Joint provision of ecosystem services

When ranking the provision of the different ESs among the
silvicultural scenarios, this time without maintaining the
initial species proportion, a clear comparison can be estab-
lished (Table 3). The control scenario that simulates natural
growth without management was ranked as the worst option
for almost all the ESs considered in our study except for
small saw wood, never being one of the best options. The
wood scenario was the one that better satisfied the produc-
tion of big saw wood, while it provoked a huge reduction in
the provision of the other ESs considered in the study. The
BAU scenario served as the “middle on the road” option
for all the studied ESs but failed to reach the minimum
stem sizes for big saw wood in most of the plot types. Both
mushroom and carbon scenarios were the options able to
maximize most of the ESs studied (small saw production,
mushroom productivity, and carbon content), and even able

to reach a minimum productivity of big saw wood. Addi-
tional forest variables not discussed here are available in
Appendix 4 and the Data Attachment to this study.

Discussion

The interest in improving knowledge about the future of
ESs in Mediterranean areas is increasing (Moran-Ordéiiez
et al. 2020, 2021; Calama et al. 2021) but there is limited
knowledge on mixed stands (Nocentini et al. 2022). This
study contributes to this field by simulating ESs provision
under various silvicultural scenarios in both pure and mixed
stands.

While different initial species proportions were studied,
ESs provision can vary depending on whether or not these
proportions are maintained until the end of the simulations.
Management guidelines not considering the maintenance
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of initial species proportions are a closer approach to man-
aging mixed stands based on pure stands expertise. In this
approach, the different species in the stand can be considered
as a single unit, and thinning criteria are driven by the tree
size, location, shape or other factors, not considering species
as an additional criterion. On the other hand, maintaining
initial species proportions can be challenging for managers
and operators, as a new factor must be considered in the
thinning plan. In that situation, if the extra effort is com-
pensated with higher ESs productivity, then implementation
can be justified becoming an interesting additional thinning
criterion. Our results show that maintaining initial species
proportion does not lead to significant differences in ESs
production overall, although some exceptions were found,
answering our first research question. For wood production,
higher yields were observed when having higher Maritime
pine proportion at the stand level in the big size saw pro-
duction. As mentioned earlier, Maritime pine has a higher
growth rate than Scots pine (Fernandes et al. 2017), and sil-
vicultural scenarios that include thinning from below reduce
Scots pine proportion, boosting Maritime pine growth due
to size-asymmetric competition (Riofrio et al. 2017a; Aska-
rieh et al. 2024). This situation increases the average growth
rate of the stand, resulting in larger big saw wood produc-
tion. When maintaining both species proportions, the lower
yield on each mixture is driven by the greater reduction in
Maritime pine proportion compared to the scenario without
that restriction. However, in the case of small saw timber
production, where both species reach the required wood
size, differences in maintaining species proportions or not
are minimal. Consistently, in both products, higher yields
were observed with a higher proportion of Maritime pine in
the stand, but maintaining species proportions still resulted
in similar yields, as the size requirements are lower, allow-
ing Scots pine to reach them within the established rota-
tion period (120 years). This should be considered when
establishing the management goals according to the study
area, as Maritime pine tends to dominate at low altitudes,
while Scots pine prevails at higher altitudes according to
their behavior (Del Rio et al. 2022a, b). In turn, when ana-
lyzing mean annual mushroom production and the carbon
sequestered, maintaining or not the initial species propor-
tion doesn’t make a difference in the results. This is because
only systematic thinning was applied in that scenario, and
thus both species were removed in the same proportions in
both cases. The results are also interesting, as they demon-
strate how species proportion can be easily maintained in
the stand, while operational requirements are higher when
trying to apply selective thinning (from below/above) aiming
to preserve species proportion.

Pure and mixed stands showed differences in ESs produc-
tion across the studied silvicultural scenarios, although the
species proportion in mixtures seems to play a less important

@ Springer

role. This finding addresses our second and third research
questions about the variation of the ESs provision according
to the forest type (pure and mixed) and the mixture pro-
portion in the case of mixed stands. Specifically, for saw
timber, Maritime pine pure stands showed higher produc-
tion. The higher productivity of Maritime pine in terms of
big saw timber supply is closely related to its growth rate.
As that species has a higher growth rate than Scots pine
(Fernandes et al. 2017), the minimum required sizes for big
saw are satisfied faster, thus producing more when longer
Maritime pine proportion on the stand. While Scots pine
is also able to reach the same stem sizes, it takes longer to
do so. The mixture proportions reduced the big saw timber
production in some cases according to the 120-year rotation
period established in our study. While Maritime pine growth
efficiency in mixtures is increased with higher Scots pine
proportions (Riofrio et al. 2017a; Cattaneo et al. 2018) and
its higher wood production per tree can be obtained in mixed
stands (Vila et al. 2007), the lower growth rate of Scots pine
reduces overall wood production. Thus, from a strict point of
view, pure Maritime pine stands produce longer big size saw
timber than mixtures when considering a 120-year rotation
period, which results must be shifted if considering longer
rotation periods. Under this silvicultural scenario, thinning
interventions up to 80 years could focus on selective thin-
ning by removing the Maritime pine trees that have already
reached the desired stem size. This approach would yield the
targeted products while reducing competition for Scots pine,
allowing for their later harvesting.

When focusing on carbon sequestration, higher levels
on both alive and harvested trees were also found in Mari-
time pine pure stands due to its higher growth rate (Fer-
nandes et al. 2017). The percentage of carbon estimated
from biomass is almost the same in both species (Montero
2005). Since Maritime pine can achieve larger sizes in
less time, the biomass and carbon content are also higher.
When analyzing the different mixture proportions of both
species, carbon sequestration rates were higher than in
either pure stand, regardless of the mixture proportions.
This result is in line with Rodriguez de Prado et al. (2023),
where mixed stands of the same species were able to
sequester higher carbon content than either pure stands in
100 years of natural growth without management. On the
other hand, the initial species proportion of mixed stands
did not show substantial differences in terms of carbon
sequestration. Overyielding, driven by species mixing pat-
tern and mixture degree, was observed in other common
European mixtures, and authors suggested the possibility
of increasing stand density due to species complementa-
rity (Pretzsch 2022). Thus, increasing initial stand density
in our study could increase productivity and reveal dif-
ferences among different species proportion degrees. At
the end of the simulation, our biomass yields per tree fell
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within the range of those used to fit the biomass equations
applied in our study (Ruiz-Peinado et al. 2011), and the
stand values are on similar scales to those reported by
Aguirre et al. (2021) for the same species. Neither carbon
sequestered in deadwood nor decay rates from harvested
trees were assessed in this study. While including these
factors would alter the final simulation values, our focus
was on evaluating the effects of silvicultural practices on
production to rank each alternative by the ESs provided.
Although some studies have addressed this topic using
the approach suggested in literature (IPCC 2006, 2019;
Pingoud and Wagner 2006), further research is needed to
deepen our understanding of the carbon cycle effects asso-
ciated with silviculture.

In the case of mushroom production, pure Scots pine
stands reached higher productivity levels than the other
pure and mixed stands included in the study. Consequently,
higher productivity was also reported in Scots pine stands
compared to Maritime pine stands in the same area by the
model authors (Sanchez-Gonzalez et al. 2019). It is already
known that mushroom productivity is highly dependent on
weather conditions, especially in Autumn (Martinez-Pefia
et al. 2012; Aldea et al. 2014) and that stand basal area
around 30-40 m*-ha™! maximizes its production (Martinez-
Peiia et al. 2012; de-Miguel et al. 2014; Sanchez-Gonzalez
et al. 2019). However, details about productivity in mixed
stands are lacking. As models are not available yet, mixed
stand production was averaged according to species propor-
tion on the stand, which explains that higher Scots pine pro-
portions in the mixed stand provided higher mushroom rates.
While this approach provides the opportunity to compare
the productivity of different forest types, further research is
needed to understand if species mixtures can lead to higher
mushroom productivity than pure stands. In this context,
a greater variety of mushroom species could be expected
in the stand due to the presence of both tree species and
the higher understory richness they support (Lopez-Marcos
et al. 2024). This combination integrates species associated
with each forest type, but the overall level of mushroom
productivity might follow a different trend.

ESs production analyzed in our study was consistently
lower across the different stand types when no management
was applied. The results answer our fourth research question
regarding the provision of ESs without management. This
highlights the importance of human intervention in forest
dynamics when aiming to obtain different ESs, even when
there is no specific target tree size, and the purpose of the
stand is carbon sequestration (Ruiz-Peinado et al. 2017).
Additionally, damages by biotic factors altering forest con-
ditions and reducing ESs productivity can be boosted when
no management is applied (Prieto-Recio et al. 2015; De La
Fuente et al. 2018) or it is done poorly (Branco et al. 2014).
Another factor to consider is the impact of fire, as the lack of

harvest leads to higher horizontal and vertical fuel continu-
ity, increasing the fire spread rates and flame length when it
occurs (Piqué and Domeénech 2018).

Since the production of all the ESs considered in our
study is lower without management, it is crucial to identify
the most effective management alternatives that align with
the management goals. Forest managers need evidence-
based silvicultural scenarios to sustain mixed stands and
maximize the production of the desired ESs (Coll et al.
2018). This is addressed in our final research question. Sil-
vicultural scenarios tested in this work focus on maximizing
one ES. This is the case of the wood scenario, as a rea-
sonable amount of big saw wood was only obtained under
the wood scenario. In this case, both carbon and mushroom
production were reduced in all the plots studied compared
to other scenarios. This reduction occurred because the
target silviculture differed, and neither product was com-
patible, as reported in previous studies (Aldea et al. 2014).
Scenarios focused on mushroom and carbon maximized
yields for both ESs, along with a small saw timber yield,
achieving higher production than the BAU scenario across
all products. This again supports the possibility of produc-
ing multiple ESs with the same thinning regime (Ordéiiez
et al. 2024). Both scenarios are characterized by applying
frequent silviculture interventions (every 10—15 years) with
low intensities, aimed at increasing light availability for fun-
gal fructification (Herrero et al. 2019) and avoiding carbon
loss by natural mortality (Ruiz-Peinado et al. 2016). While
they demonstrate being a good choice for ESs provision, the
high number of thinning interventions in the stand could be
a weakness when analyzing economic profitability. More
field interventions with lower intensity result in lower yields
per thinning, thus reducing the profitability of each harvest
and engaging the economic sustainability of these silvicul-
tural scenarios. However, the continuous yield provided by
mushroom picking and the recreational activity linked to
it can balance the situation, also improving long-term for-
est health and sustainability (Navarro-Cerrillo et al. 2022).
Finally, when analyzing the BAU scenario, it was not able to
produce a big saw timber yield in most of the cases, while it
was sufficient to obtain small saw timber yield, mushroom
production, and carbon content, as certain thinning regimes
can generate multiple ESs (Ordéiiez et al. 2024). Our results
are in line with previous findings for the same species (Bravo
and Diaz-Balteiro 2004; Bravo et al. 2008), where tradi-
tional management does not maximize any ES but achieves
satisfactory results for most of them. While efficiency in the
production of those services could be improved, results are
quite good if we consider that just two thinning interventions
were planned during the study period (90 years), assuming
minimal effort in forest management.

Lastly, it is important to highlight the numerical results
of simulations may be biased due to the lack of regional
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adaptation of the model in the case of BAI (Rodriguez de
Prado et al. 2022a), h/d (Rodriguez de Prado et al. 2022b)
and SDI/SDImax (Rodriguez de Prado et al. 2020). While
other models are available and specifically fitted for the
study area in both pure (Lizarralde 2008) and mixed con-
ditions (Riofrio et al. 2017b, 2019; Askarieh et al. 2023),
they are not climate-sensitive models. Due to the inclusion
of mushroom productivity models in our study (Sanchez-
Gonzalez et al. 2019) and its close relationship with weather
conditions (Martinez-Pefia et al. 2012; Aldea et al. 2014,
Séanchez-Gonzalez et al. 2019), we considered more appro-
priate to use the selected ones in our study even assuming
certain bias on the predictions. However, while numerical
results can be biased and accumulate errors at each step of
the simulation, ranking different scenarios, as in our case,
has proven to be a good approach for silvicultural scenar-
ios selection in both pure (De La Parra Peral et al. 2017;
Véazquez-Veloso et al. 2022) and mixed stands (Bravo and
Véazquez-Veloso 2024). In addition, the data used for this
study is quite specific and was used as an initial approach,
so future studies should aim to cover broader stand variabil-
ity to have stronger conclusions regarding the most suitable
silviculture for each case.

Mechanisms behind overyielding in mixed stands are
based on species complementarity. In general terms, an
increase in species diversity tends to increase stand pro-
ductivity (Pretzsch and Forrester 2017) and stability (del
Rio et al. 2022a, b), and differences in phenology (Cama-
rero et al. 2010; Vieira et al. 2014) and response to climatic
conditions (Bogino and Bravo 2008; Bogino et al. 2009)
enhance complementary, as resources competition is non-
synchronous during the growing season. Different studies
explored species complementarity at the crown level, as
even low trait differences can lead to positive effects at stand
level (Riofrio et al. 2017a). On the one hand, while crown
architecture is quite similar (Poorter et al. 2012), the slightly
higher shade tolerance of Scots pine (Sanchez-Goémez et al.
2006; Gaudio et al. 2011; Riofrio et al. 2017a) and its slower
growth rate (Fernandes et al. 2017) create a size-asymmetric
stand where both species can progress due to their different
crown morphology and structure in mixture (Riofrio et al.
2017b). This situation stimulates Maritime pine growth, as
Riofrio et al. (2017a, 2019) reported that size-asymmetric
competition has a stronger influence on its growth. Thus,
Maritime pine tends to occupy the dominant canopy layer
and larger diameter distribution class in mixture (Riofrio
et al. 2017a, b) as was also found in our study, taking com-
petitive advantage of its position (Askarieh et al. 2024;
Ordoiiez et al. 2024). Both species crown plasticity and size
distribution are drivers that explain the higher productivity
of mixed compared to pure stands (Riofrio et al. 2017b),
and its complementarity allow for an increase in the stand
density (Del Rio et al. 2022a, b). In terms of production,
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higher basal area increment (Riofrio et al. 2019), volume
increment (Riofrio et al. 2017b), radial inter-annual incre-
ment (Askarieh et al. 2024) and growth efficiency (Cattaneo
et al. 2018) was reported for Maritime pine in mixed stands
as evidence of their complementarity, with our study also
reporting overyielding in carbon sequestration.

Conclusion

Our study compared the provision of ecosystem services
between pure different mixture proportions of mixed Scots
pine and Maritime pine stands. The initial species propor-
tions and their maintenance during the management period
were found to be less critical than the implementation of
suitable silvicultural practices. The results indicate that
while mixed stands consistently enhance carbon sequestra-
tion regardless of initial species proportions, the patterns for
mushroom and timber yields vary. Focusing on a single eco-
system service often leads to trade-offs, but sometimes it is
the only way to achieve desired yields of certain ecosystem
services, as demonstrated in our study with the yield of big
size saw timber. However, a balanced approach that consid-
ers multiple ecosystem services can mitigate these trade-
offs and enhance overall forest resilience, as we found when
aiming to maximize mushroom yields, sequestered carbon,
and small saw timber yield. This research provides valuable
insights for forest managers aiming to balance productivity
and sustainability in ecosystem services provision. Further
research is needed to assess the provision of additional eco-
system services under varying management strategies and
to explore the impact of different initial stand characteristics
on ecosystem services provision, both for this and other rep-
resentative species mixtures.
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