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Abstract
& Key message Climate change is likely to heavily affect the
provision of goods and services of Mediterranean forests.
Our results strongly point out the need to develop adaptive
strategies tomitigate the impact of climate change in order
to assure the maintenance of the stands aiming their
multifunctionality, more than their monetary revenues.
& Context Climate change in the Mediterranean region may
heavily affect the provision of forest goods and services. Thus,
options for adaptive forest management should be proposed.

& Aims The aims of this study are to analyze the climate-
related sensitivity of Pinus pinea forests in the Northern Pla-
teau in Spain and to assess the vulnerability of multiobjective
forest management to climate change by means of a simula-
tion study, focusing on timber and cone production.
&Methods The forest model PICUS v1.41, integrating a mod-
ule for P. pinea cone and nut production, was used to simulate
P. pinea stands at six site types under three forest management
regimes (focus on timber, cones, and combined objectives)
and five climate scenarios (current climate, four climate sce-
narios combining increases in temperature by +1 and +4 °C
and decreases in precipitation by −10 and −30 %).
& Results Combined timber + cones management generated
always the highest incomes from timber and cones. With the
exception of the most productive site types, the combined
timber + cone management produced also more timber vol-
ume than the cone and timber managements. Provisioning of
ecosystem services decreased at all sites under all climate
change scenarios. At very dry sites simulated, forests suffered
from dieback events.
& Conclusion Provisioning of ecosystem services decreased at
all sites under all climate change scenarios analyzed and will
be extremely limited on poor sites. Benefits and weaknesses
of the assessment approach are discussed.

Keywords Stone pine . PICUS . Simulation study . Climate
change . Forest management alternatives . Equivalent annual
increment (EAI) . Multifunctionality

1 Introduction

Projected climatic changes in course of the twenty-first centu-
ry will impact on forest ecosystems and affect the provisioning
of ecosystem services. Mediterranean forests provide a
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diversity of goods (timber, firewood and mainly non-wood
forest products such as pine nuts, cork, aromatic plants, game,
mushrooms) but also high-value services (recreation, protec-
tion against erosion, livestock grazing, biodiversity conserva-
tion, CO2 sequestration, regulation of water balance) which
are important to assure the well-being of human society.
Multifunctionality is therefore a key characteristic of Mediter-
ranean forest management.

Mediterranean forests are especially threatened by climate
change (IPCC 2007; EEA 2012). The Mediterranean basin
may be confronted to longer and more frequent droughts
and heat waves, resulting potentially in forest dieback and
mortality (Lindner and Calama 2013), decline in forest pro-
ductivity (Nadal-Sala et al. 2013), and reduction in the pro-
duction of valuable non-wood products (Mutke et al. 2005).
Thus, the Mediterranean basin is likely to experience the most
adverse effects of climate change in Europe, whilst being the
least prepared to cope with such drastic impacts (Lindner and
Calama 2013). In this context, it is important to understand the
vulnerability of current management systems to climate
change and to explore adaptation strategies in the Mediterra-
nean forests (Masiero et al. 2013).

In this study, the focus is on Mediterranean stone pine
(Pinus pinea L.), which is one of the most characteristic tree
species in the Mediterranean because of its characteristic
umbrella-shaped crown and the ancient use of its large, nut-
like edible seeds for human consumption. It occupies more
than 400,000 ha in Spain, both in inland and coastal regions
(Calama et al. 2008), being the main tree species in sandy
continental areas of central Spain, where water is the main
limiting factor for forest production (Calama et al. 2013;
Pardos et al. 2010). Economic benefits from P. pinea stands
for the forest owner include edible pine nuts, timber, firewood,
and grazing, whilst current management objectives also in-
clude social aspects such as recreational use, biodiversity con-
servation, soil protection against erosion, and CO2 fixation.
From all these ecosystem services (ESs), cone production is
currently the most profitable ES for the owners of stone pine
forests, even higher than timber and other products (Ovando
et al. 2010). For instance, the Spanish nut industry has a share
of about 45 % in total world pine nut production (Mutke et al.
2000). Nevertheless, cone production is limited by site quality,
stand stocking, and masting habit (which is mainly triggered
byweather conditions during cone development; Calama et al.
2008) and subordinated to the ecological and social functions
of these forests (Mutke et al. 2005).

Currently, the sandy flatlands of inner central Spain are the
genuine habitats for stone pine, with very few tree species
being able to grow at such highly permeable sites (Sanchez-
Palomares et al. 2013). However, this is one of the most lim-
iting regions in terms of precipitation that defines the lower
xeric limit for species survival. Thus, planned adaptation mea-
sures in the management of Mediterranean P. pinea forests

need to address especially the main climate change threat in
the region which is severe summer drought. In meeting this
challenge, process-based forest ecosystem models can help to
assess impacts and to design management strategies (Seidl
et al. 2011). Different model-based climate change vulnerabil-
ity assessments are available for temperate and boreal regions
(e.g., Lexer et al. 2002; Seidl et al. 2005; Briceño-Elizondo
et al. 2006) and Mediterranean regions (e.g., Sabaté et al.
2002; Rathgeber et al. 2003). Currently, there is a growth
and yield model available which has been specifically devel-
oped for P. pinea (PINEA v.2, Calama et al. 2007) that also
projects the masting pattern of the species, but which does not
tackle changing climatic conditions. To circumvent these
shortcomings and to address the climate-related vulnerability
of P. pinea forests, we used the hybrid forest patch model
PICUS v.1.41 (e.g., Seidl et al. 2005) which has been extend-
ed by a cone and nut production submodule for P. pinea
(Calama et al. 2011).

The main objectives of this paper are to analyze the
climate-related sensitivity of P. pinea forests in the Northern
Plateau and to assess the vulnerability of multiobjective forest
management to climate change by means of a simulation
study. Our particular aims were as follows: (i) to calibrate
and validate the process-based model PICUS v1.41 for
predicting stand dynamics of P. pinea forests under climate
change, (ii) to evaluate the provision of the ESs assessed (tim-
ber, cone productivity and carbon sequestration) from the
P. pinea stands under the current (baseline) climate, and (iii)
to analyze the potential impacts of climate change and forest
management on stand development and on the related ES.

2 Material and methods

2.1 Study material

2.1.1 Study area

The study was conducted in the Northern Plateau (province of
Valladolid, central Spain, Fig. 1), where P. pinea is the main
tree species. It occupies more than 50,000 ha in pure even-
aged stands. The landscape is characterized by a smooth orog-
raphy at the western and southern parts and at the north and
eastern parts of the province. From geomorphological per-
spective, two strata can be distinguished: the flat sedimentary
basin of the river Duero (“sandy lands”) and the limestone
plateaus which are remains of non-eroded calcareous hills.
The climate is Mediterranean continental characterized by
comparably cold and long winters (mean annual temperature
12.2 °C, minimum mean temperature of the coldest month
(i.e., January) is −0.5 °C), short but hot and dry summers
(maximum mean temperature of warmest month (July) is
30.7 °C, 20 mm of precipitation on average between July
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and September) and moderate but irregularly distributed rain-
falls (annual rainfall 440 mm, ranging between 250 and
700 mm).

2.1.2 Site types

Based on a site stratification scheme by Calama et al. (2003),
six site types (ST1 to ST6) were distinguished for the assess-
ment (Table 1). For ST1, upwelling of water from the ground
water table into the root horizon has been considered (Calama
et al. 2003). Site types include, inter alia, poor to medium
fertility sites with acidic-neutral pH and low water holding
capacity due to 85–90 % sand content in soil texture (ST2,
ST3, ST4) and alkaline soils of medium fertility which are
relatively shallow but have a considerable content of clay
and, subsequently, medium to high water holding capacity
(ST5, ST6).

2.1.3 Climate data

To assess the vulnerability to climate change conditions, five
different climate data sets were prepared to drive the forest
model. Data set for the baseline climate (C1) is a detrended
stochastic time series of monthly mean temperature, precipi-
tation, vapor pressure deficit (VPD), and global radiation over
the 120-year simulation period. The baseline climate was gen-
erated from available daily instrumental data for the period
1973–2010 from a nearby meteorological weather station
(735 m a.s.l.; X: 4° 45′ 16″W; Y: 41° 38′ 27″ N). VPD values
were calculated from daily minimum, mean, and maximum

temperatures, relative humidity, radiation from day length,
temperature, and humidity data and aggregated to monthly
values. Based on the scenarios compiled by the ENSEMBLES
project (Hewitt and Griggs 2004) that show, for central Spain,
increases inmean annual temperature of +3 to +6.5 °C and, for
precipitation, changes from −25 to −50 %, the data sets C2 to
C5 were constructed by combining to the baseline climate
changes in temperature (+1, +4 °C) and precipitation (−10,
−30 %) to represent a range of climate projections for the
twenty-first century (IPCC 2007): C2 (+1 °C, −10 % P), C3
(+1 °C, −30 % P), C4 (+4 °C, −10 % P), and C5 (+4 °C,
−30 % P).

2.2 Assessment approach

2.2.1 PICUS v1.41

The main tool for the assessment of climate-related vulnera-
bility of P. pinea stands in this study is an extended version of
the hybrid forest patch model PICUS v1.41 (Seidl et al. 2005).
The model PICUS combines components of a 3D gap model
(Lexer and Hönninger 2001) with a process-based production
model. Spatial frame of the simulation is a 10×10-m2 patch
array extended into the z-dimension by 5 m crown cells. Spa-
tial interactions between the patches are considered via a de-
tailed three-dimensional model of the light regime and spatial-
ly explicit seed dispersal. Stand-level primary production is
expressed as a function of absorbed photosynthetically active
radiation. Carbon gain is redistributed from stand level to the
individual trees according to their relative competitiveness

Fig. 1 Study area and location of
the 12 long-term monitoring plots
used for model validation (black
dots). The grey areas represent
the Pinus pinea forests in the
study area
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within the stand. Tree mortality considers competition-
induced resource limitations for individual trees, environmen-
tal stress (e.g., water, temperature), and chance events (Seidl
et al. 2011). PICUS v1.41 also includes a flexible manage-
ment module. The model requires monthly input of tempera-
ture, precipitation, radiation, and VPD (see Lexer and
Hönninger (2001) and Seidl et al. (2005) for a detailed de-
scription of the model). PICUS offers a detailed projection of
stand dynamics under the simulated management and climate
conditions, including individual-tree information such as di-
ameter, height, and volume.

2.2.2 A cone and nut production submodule for P. pinea

An additional module for P. pinea cone and nut production
based on Calama et al. (2011) has been integrated into PICUS.
This module predicts annual cone and seed production at tree
level taking into account climate (e.g., precipitation and freez-
ing events) during the 4-year period that is relevant for the
development of the cones (reproductive bud differentiation
in year 0, flowering and pollination in year 1, cone develop-
ment during year 2, fecundation and cone maturation in year
3, and cone opening and subsequent seed dispersal in year 4),
together with site attributes, maturity of a tree, stand stocking,
competition by other trees, and tree size. The module follows
a two-stage approach, predicting, first, the probability (π) that
a tree bears cones in a given year and, second, the seed pro-
duction of the tree, conditional to the occurrence of a cone
crop for that tree and year (see Appendix 1 for details on the
cone model).

2.3 P. pinea calibration and model validation

PICUS v1.4 has been parameterized, evaluated, and applied to
questions of sustainable forest management under climate
change in a broad set of temperate and alpine central European
tree species (e.g., Lexer and Hönninger 2001; Seidl et al. 2005
and 2011). P. pinea has not been present in former tree species
sets and applications. Based on a thorough literature review
focusing mainly on physiological ecology of P. pinea and

biometric information on height (Calama et al. 2003) and di-
ameter growth (Calama andMontero 2005) as well as biomass
allometries (Ruiz-Peinado et al. 2011), species parameters re-
lated to the key ecosystem processes growth, mortality, and
reproduction have been defined (for details on the calibration
procedure see http://picus.boku.ac.at/doku.php?id=
calibration).

The model setup has been checked for plausibility of sim-
ulated growth and mortality behavior by simulating generic
mono-species stands along environmental gradients from dry
and poor to moist and rich sites. The simulations were initial-
ized from thicket stage and run over 200 years without man-
agement interventions. The response of volume production
and stand height growth to site conditions as well as emerging
height-diameter relationships in the simulated stands were
compared with available information from the literature
(e.g., Montero et al. 2004). To test the settings for tree mortal-
ity during the stem exclusion phase, the simulated self-
thinning process was compared to the theoretical self-
thinning model based on the 3/2 power law (Zeide 1987)
while in later stand development stages, tree mortality is at
very low levels unless harsh environmental conditions exceed
the tolerance limits ofP. pinea. In these evaluation runs, model
behavior was consistent with literature.

Model output was also compared to long-term observation-
al data from 12 long-term monitoring plots with an average
size of 2000 m2 located within the study region (see Fig. 1).
The plots were installed in 1966 and have been measured four
times (1966-71-81-90). At each plot, DBH of all trees and
height of 40 trees per plot were measured. All the plots repre-
sent pure, even-aged P. pinea stands, and cover broad age and
site gradients (Table 2). Available information from soil sur-
veys in course of the inventories was used to link the plots to
the site stratification system by Calama et al. (2003). For the
validation runs, the management interventions on the plots
(defined by removed stem numbers per ha) as recorded by
the inventories were mimicked with PICUS v1.41. The 25-
year inventory time span was simulated using the historic
climate record as model driver and considering the historic
management interventions. For each plot, the simulated values

Table 1 Site and soil parameters
for the six site types used in the
analysis based on 40 soil samples

Site type Site index (m) pH WHC (mm m−1 soil depth) N (kg ha−1) Soil depth (cm)

ST1 19–23 7.0–7.7 190–200a 45–55 150–200

ST2 15–19 7.0–7.7 170–180 35–45 150–200

ST3 11–15 6.8–7.2 115–125 25–35 150–200

ST4 7–11 6.4–6.8 75–85 15–20 150–200

ST5 15–19 8.5–8-9 175–185 40–50 55–60

ST6 11–15 8.5–8.9 115–125 30–40 55–60

Source: Sanchez-Palomares et al. (2013). Site index relates to age 100

WHC water holding capacity, N plant available nitrogen.
a Input of 1.5 mm water per day from the ground water table

M. Pardos et al.1012

http://picus.boku.ac.at/doku.php?id=calibration
http://picus.boku.ac.at/doku.php?id=calibration


for mean DBH, basal area, mean and dominant stand height,
and standing volume stock were compared to the observed
values from the recent remeasurement in 1990. The matches
between observed and predicted values were analyzed by
means of mean error, modeling efficiency, root-mean-square
error, and relative error (average value of mean error divided
by observed value). Together with this, a linear regression was
fitted between the observed and predicted values for each
variable, and independent t tests were employed to evaluate
whether the intercept=0 and slope=1.

2.4 Simulation experiments

2.4.1 Management alternatives

P. pinea forests in the Northern Plateau have had a multifunc-
tional management history since the end of the nineteenth
century. These forests have been traditionally managed in pure
even-aged stands in order to jointly enhance cone and timber
production, although uneven-aged mixed structures have been
also proposed recently. Traditional even-aged stand manage-
ment in P. pinea is based on shelterwood systems (Gordo et al.
2012). Three management regimes are currently practiced in
naturally regenerated P. pinea stands, here denoted as timber
production (TP), cone production (CP), and a combination of
timber and cone production (CTP). These alternatives differed
in the rotation length, type, and time of thinning and stocking
density (Table 3). All three alternatives start not only with a
tending operation to reduce and to homogenize the stand den-
sity to 600 stems ha−1 (when dominant height reaches 3 m, at
stand ages between 8 and 23 depending on site quality), but
also as a preventive measure against forest fires. Management
for TP is based on a relatively short rotation length and de-
layed and less-intensive thinnings. Management for CP

focuses on early and heavy thinnings, promoting trees with
large crowns in order to increase the individual tree CP, and
extended rotations over 120 years. The combined timber and
cone (CTP) management schedule is meant to be a combina-
tion of the two former approaches. All the schedules propose
to regenerate the stand following a uniform shelterwood ap-
proach that includes four fellings during a 20-year regenera-
tion period, leaving four to five large trees per hectare at the
end of the rotation for biodiversity purposes (Table 3).

2.4.2 ES indicators

The analyzed ESs in this study are carbon storage, timber, and
cone production. TP over the full rotation was assessed by
mean annual increment (sum of harvested volume + natural
tree mortality + standing volume at the end of the rotation
period, divided by rotation length; average annual increment
in total volume (MAI), in m3 ha−1 year−1) and mean harvested
volume of saw logs during the rotation period (MHsaw, in
m3 ha−1 year−1). Timber volume is merchantable volume un-
der bark where three-dimensional assortments are distin-
guished: saw timber for logs with end diameter >35 cm, pulp
wood for logs with end diameter between 10 and 35 cm, and
fuel wood for logs with end diameter <10 cm.

CPwas assessed as annual average CP per hectare (CPha, in
kg ha−1 year−1) and per tree (CPtree, in kg tree−1 year−1). In
addition, we calculated the equivalent annual income (EAI) of
cash flows from harvested timber and cropped cones as the
annualized net present value (NPV) employing stumpage
prices for cones (0.3€ per kg) and timber assortments (12.5€
per m3 for pulp, 17.5€ per m3 for saw logs, 8.1€ per m3 for fuel
wood) and an interest rate (p) of 4 % (Eqs. (1) and (2)). Costs
of management are covered by the governmental administra-
tion and have not been included in the calculations. Thus, EAI

Table 2 Characteristics of the long-term monitoring plots used for model validation

Plot code Age Site index (m) Basal area (m2 ha−1) Stem number (n ha−1)

VA-11 68 14.03 33.87 449

VA-12 48 15.73 23.92 404

VA-13 29 16.02 17.83 815

VA-14 83 14.0 27.67 332

VA-15 26 14.35 7.16 308

VA-16 25 14.90 10.69 468

VA-17 41 12.34 12.97 552

VA-19 42 12.45 32.85 1030

VA-21 47 12.78 12.36 344

VA-22 42 12.29 10.57 416

VA-24 26 16.81 16.44 781

VA-25 53 16.26 33.77 500

Stand characteristics relate to the beginning of the observation period in 1966

Climate change vulnerability of Pinus pinea stands 1013



represents the current landowner perspective.

NPV ¼
X U

i¼1

1

1þ pð Þt ð1Þ

EAI ¼ NPV
p 1þ pð ÞU
1þ pð ÞU−1 ð2Þ

where U is the rotation period and t is the year (from 1 to U)
The carbon pool in living trees (stem, branches, needles,

carbon storage (CS)) in kilogram C per hectare was consid-
ered as indicator for carbon sequestration.

2.5 Experimental setup

The PICUSmodel was employed to simulate each of the three
management regimes (Table 3) at the six site types (Table 1)
under the baseline climate as well as under four climate
change scenarios over a full rotation. The development of
stem number and volume stock was used to evaluate the per-
sistence of P. pinea stands. ANOVAs were used to identify
significant main effects of climate scenarios, site types, and
management alternatives on ES provisioning as well as their

first-order interactions (SAS v. 9.2, SAS Institute, Cary, NC,
USA). Vulnerability of ES provision to climatic changes was
evaluated by analyzing the sensitivity of the studied variables
relative to the baseline climate C1 (i.e., the ratio between the
expected values under baseline conditions and under the dif-
ferent climate change scenarios).

3 Results

3.1 Model validation

Comparing simulated dominant and mean stand height, basal
area, mean diameter, and standing volume with independent
observed data from 12 long-term monitoring plots yielded
promising results (Fig. 2). Modeling efficiency (ME; analo-
gous to R2 statistics for linear regression) for the five variables
was between 50 and 70 %, indicating good agreement of pre-
dictions and observations. The model produced unbiased es-
timates (p value >0.01) for all variables. For basal area and
mean DBH, there was a slight tendency of the model to

Table 3 Characterization of the three currently practiced management alternatives for even-aged Pinus pinea stands in the Northern Plateau in Spain

Management alternatives Rotation length Management interventions Remaining stand density (stems ha−1)

Timber (TP) 80 Tending (ages 8, 13, 18, 23 depending on site type) 600

Random thinning (age 35) 350

Thinning from below (age 50) 250

Thinning from below (age 60) 200

Preparatory felling (age 70) 150

Seeding felling (age 75) 100

Secondary felling (80) 50

Final felling (age 85) 4

Cone (CP) 120 Tending (ages 8, 13, 18, 23 depending on site type) 600

Thinning from below (age 30) 250

Thinning from below (age 40) 150

Thinning from below (age 50) 100

Preparatory felling (age 110) 75

Seeding felling (age 115) 50

Secondary felling (age 120) 25

Final felling (age 125) 4

Cone and timber (CTP) 100 Tending (ages 8, 13, 18, 23 depending on site type) 600

Random thinning (age 30) 350

Thinning from below (age 45) 250

Thinning from below (age 60) 150

Preparatory felling (age 90) 112

Seeding felling (age 95) 74

Secondary felling (age 100) 36

Final felling (age 105) 4

Numbers in parenthesis give the approximate stand agewhen intervention is done. For the pre-commercial tending, numbers in parenthesis give the stand
age for site index 21, 17, 13, and 9 m, respectively
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underestimate. Relative error was below 13 % for all the stud-
ied variables. Results from the t tests to evaluate the assump-
tions of an intercept=0 and a slope=1 in the linear
regression of observed versus predicted values were
not significant. Thus, the null hypothesis of equality
could not be rejected for all the analyzed variables. In
addition, the CP model from Calama et al. (2008, 2011)
was successfully integrated within PICUS. The sensitiv-
ity of the CP model to short-term climate conditions is
shown in Fig. 3.

3.2 Stand persistence under climate change

P. pinea stands on site types ST3 and ST4 are severely threat-
ened under climate scenarios with 30 % decrease in precipita-
tion (C3 and C5). For instance, the climate scenario C5 result-
ed in severe tree mortality in sandy soils of site type ST3 when
managed under the TP management regime and on site
types ST3 and ST4 under any management regime.
Similar results emerge under climate scenario C3 at site
type ST4 under mixed objective management (CTP).
Thus, simulations indicate that local die-off phenomena
are to be expected especially in sandy soils mainly due
to the direct effect of the 30 % reduction in rainfall in
combination with a large increase in temperature. On

better site types, tree populations could be maintained
in the simulations, although growth was negatively af-
fected under all climate change scenarios.

3.3 Provision of ES under baseline climate

Over a rotation period, the ANOVA showed a significant effect
of site type and management regime for natural timber (MAI)
and CP indicators and CS. However, the management alterna-
tives did not differ significantly in the accumulated monetary
income indicator EAI which was only affected by site type
(Table 4). Simulations showed the highest production in terms
of timber (MAI=2.97 m3 ha−1 year−1) and cones (CPha=
333.2 kg ha−1 year−1) and also the highest income (EAI=862.4
€ ) on s i te type ST1, fo l lowed by ST5 (MAI =
2.01 m3 ha−1 year−1, CPha=174.6 kg ha−1 year−1, EAI=484.0
€) with the lowest values occurring on site type ST4 (MAI=
0.52 m3 ha−1 year−1, CPha=9.2 kg ha−1 year−1, EAI=91.8 €).
This confirms the productivity ranking of the site types based
on empirical site index information (Montero et al. 2008).

Cone-oriented management significantly improved the indi-
vidual tree production (p value<0.0001), although no differences
betweenCP andCTPmanagement regimeswere found formean
CP per hectare. As expected, TP is promoted not only by TP
management, but also by the combined CTP management
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Fig. 2 Predicted vs observed values for the variables used in model validation. The solid line represents the regression line for predicted vs observed
values. The dashed line represents the regression line for the null hypothesis observed = predicted
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regime. The CP regime has very strong thinnings which nega-
tively affected overall TP. However, when the main interest is in
saw logs, the CP and CTP management regimes outperform the
TP regime as these treatments strongly promote the growth of a
relatively small number of dominant trees. Related to this, timber
management (TP) under current climate (C1) in site types ST3
and ST4 produces very low cone crops (25 kg cones ha−1 year−1

and 4.7 kg cones ha−1 year−1, respectively). CP on the other site
types under the TP regime varies between 62 kg
cones ha−1 year−1 in ST6 and 265 kg cones ha−1 year−1 in ST1.

3.4 Vulnerability of ES provision under climate change
conditions

Timber and CP, CS, and annual income responded sensitive to
the climate change scenarios C2–C5 and are lower under any

of the analyzed management regime at all sites when com-
pared to results under baseline climate (Fig. 4). Particularly
severe is the response under the 30% decrease in precipitation
in scenarios C3 and C5 with a mean reduction of 78 % in EAI
and CS (Table 5). CP dropped by 95 % which, particularly at
ST3 and ST4, does not just diminish profitability of forest
management but renders natural regeneration of P. pinea im-
possible (mean CP over all sites is 14 kg ha−1 year−1). The
annual income (EAI) decreased between 38 % under climate
scenarios C2 (260.5 €ha−1 year−1) and 44 % under C4 (244.7
€ha−1 year−1) and between 69 % under climate scenario C3
(121.8 €ha−1 year−1) and 78 % under C5 (88.3 €ha−1 year−1),
when compared to the baseline climate C1 (423.2 €
ha−1 year−1). The average decrease in CP (CPha) under climate
change conditions (C2, 53 %; C3, 91 %; C4, 53 %; C5, 95 %)
is more dramatic than the average decrease in TP (MAI) (C2,
12 %; C3, 44 %; C4, 28 %; C5, 73 %).

The significant interaction of site type and climate shows
that climate change impacts will be intensified on poor sites
(Fig. 5). Though the management regime is a significant factor
for all indicators except EAI, interaction is significant neither
with site type nor with climate. Interestingly, the timber man-
agement regime (TP) shows always the higher decrease in TP
(44 % decrease in MAI), CP (69 % decrease), and CS (51 %
decrease), compared to cone management (CP) and the mixed
cone and timber management (CTP; see Table 5 and Fig. 4).

4 Discussion

4.1 Calibration of the forest model PICUS

The available knowledge on ecology and growth of P. pinea is
well developed, and estimating the relevant model parameters
for that species imposed no major difficulties. This was reflected
by the results of the model evaluation exercises. In PICUS, bio-
mass production emerges as a result of the interplay of soil attri-
butes, climate, and vegetation structure. In view of uncertainty in
the estimates for soil water storage capacity and available nitro-
gen alone, the correspondence between a set of simulated target
variables (dominant and mean stand height, mean diameter at
breast height, basal area, and volume) and corresponding obser-
vations from long-term monitoring plots can be considered as
excellent. This set of variables characterizes stand structure very
well, and the fact that all five variables were consistently
projected over 25 years indicates that the production and
allocation processes in P. pinea stands have been well captured.
The CP model from Calama et al. (2008, 2011) was successfully
integrated within PICUS. Interfaces were clearly defined and
fitted well to the internal structure and processes of PICUS.
The CP model is climate dependent, thus highly sensitive to
short-term changes in climate conditions, mainly to spring and
fall precipitations (see Fig. 3,). The CP model also includes the
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Fig. 3 Provision of timber production and cone production over the
rotation period. The horizontal lines are the indicator value under
baseline climate (C1), the vertical whisker represents min/max indicator
values under climate change scenarios C2–C5, and the symbol on the
vertical whiskers is the mean value under C2–C5. MAI mean annual
volume increment, EAI Timber equivalent annual income from timber
production, CP cone production, EAI Cones equivalent annual income
from cone production, CP cone production, TP timber production, CTP
combination of timber and cone production
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site index (SI) as predictor variable. SI is a cumulative indicator
of stand growth integrating height development of a stand over

several decades depending on the SI system used. As such SI is
inherently based on the assumption of stable site conditions, the

Table 4 ANOVA results (F statistic value and probability levels) and
test of marginal mean comparison of the effect of site type and
management alternative under the baseline climate scenario on
equivalent annual income from timber and cone production (EAI),

carbon storage (CS), average annual increment in total volume (MAI),
saw log harvests (MHsaw), and annual average cone production over the
rotation period (CPha and CPtree) (n=18)

EAI (€) CS
(kg ha−1 year−1)

MAI
(m3 ha−1 year−1)

MHsaw

(m3 ha−1 year−1)
CPha
(kg ha−1 year−1)

CPtree
(kg tree−1 year−1)

Site type (S) 1181.9*** 140.9*** 146.9*** 18.9*** 76.61*** 12.45***

Management
(M)

1.40 ns 42.0*** 4.2* 18.4*** 11.76** 8.98**

Site type ST1 862.4 a 42,625 a 2.97 a 1.13 a 333.2 a 3.06 a

ST2 410.7 c 29,847 b 2.15 b 0.64 b 114.5 c 1.09 cb

ST3 261.2 d 18,563 d 1.37 c 0.27 c 41.7 d 0.41 dc

ST4 91.8 e 5960 f 0.52 d 0.00 c 9.2 d 0.11 d

ST5 484.0 b 24,918 c 2.01 b 0.71 b 174.6 b 1.58 b

ST6 425.8 c 13,436 fe 1.21 c 0.23 c 86.5 c 0.72 dcb

Management CP 420.1 a 27,258 a 1.59 b 0.77 a 157.6 a 1.87 a

TP 421.0 a 17,318 c 1.76 a 0.20 c 93.2 b 0.63 b

CTP 428.4 a 23,099 b 1.76 a 0.52 b 129.0 a 0.98 b

Different letter indicates significant differences between levels for a given factor

CP cone production, TP timber production, CTP combination of cone and timber production
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use of SI under transient climate change conditions would have
been therefore problematic. This supports the use of climate sce-
narios which do not include temporal trends in temperature and
precipitation over the 120-year simulation period. In our analysis,
SI under the climate scenarios C2–C5 had been estimated in
simulation runs prior to the full simulation experiment for the
vulnerability assessment.

The flexibility of the management module of PICUS
allowed to realistically implement and to simulate the pine
management regimes. The PICUS version for P. pinea pro-
vides, for the first time, the opportunity to analyze climate
change-related vulnerability of ES provisioning from stone
pine forests in Spain.

4.2 Provision of ES from P. pinea forests in the Northern
Plateau

Under the baseline climate, the suitability of each site and
alternative management affected CS, cone, and timber pro-
duction. Values in timber and CP obtained from the simu-
lations under current climate are in the range of the values
recorded for the species in the Northern Plateau (Montero
et al. 2008). High-quality stands (ST1 and ST5) showed

high CS capacity and high productivity; however, on low-
quality sites (ST4), productivity decreased drastically.
Overall, the CP management regime moderately increased
CS (1.6-fold) and annual average CP (1.7-fold) and greatly
increased volume of saw logs at final harvest (3.9-fold)
compared to the TP management. Interestingly, the mixed
cone and timber management regime proved very efficient
regarding average annual volume increment over the rota-
tion period. Obviously, the standard TP regime is too pas-
sive regarding density control and promotion of socially
dominant trees in a stand. Another factor to take into con-
sideration is that, in natural stone pine forests, many trees
(30–80 % in any year) do not bear any cones and nearly
10 % of the pines never produce cones. Factors such as
stand age, high stocking densities, soils with low water-
holding capacity, and dry conditions increase the propor-
tion of trees with null crops (Calama et al. 2011).

Simulations over the rotation period under the baseline
climate show that stone pine would generate different annual
incomes (expressed as EAI) from timber and cones according
to the natural suitability of each site and the applied manage-
ment. Site type ST1, which benefits from uptake of water via
the water table yielded the highest incomes. At ST5 and ST6,

Table 5 ANOVA results (F statistic and probability levels) and test of
marginal means for the effect of climate, site type, management
alternative, and their interaction on EAI, carbon storage (CS), average

annual increment in total volume (MAI), sawn wood production
(MHsaw), and annual average cone production over the rotation period
(CPha and CPtree)

EAI CS MAI MHsaw CPha CPtree

Climate (C) 19.0*** 604.73*** 285.2*** 49.55*** 366.65*** 1817.19***

Site type (S) 5.54*** 236.21*** 72.54*** 35.38*** 57.74*** 166.44***

Management (M) 1.15 ns 20.64*** 3.65* 13.46*** 16.79*** 6.80*

S × C 1.83 ns 15.22*** 8.60*** 1.65 ns 5.55* 13.95***

C × M 0.96 ns 0.85 ns 0.30 ns 0.25 ns 1.95 ns 0.64 ns

S × M 1.07 ns 1.11 ns 1.10 ns 0.70 ns 1.79 ns 1.95 ns

Climate scenario C2/C1 0.62 a 0.84 a 0.88 a 0.76 a 0.47 a 0.55 a

C3/C1 0.31 b 0.47 c 0.59 c 0.31 c 0.09 b 0.12 b

C4/C1 0.56 a 0.63 b 0.73 b 0.55 b 0.47 a 0.54 a

C5/C1 0.22 c 0.22 d 0.42 d 0.15 d 0.05 c 0.07 c

Site type ST1 0.46 cb 0.81 a 0.82 a 0.73 a 0.40 a 0.44 a

ST2 0.48 b 0.74 b 0.75 b 0.63 a 0.34 b 0.38 b

ST3 0.34 c 0.51 c 0.60 d 0.22 c 0.19 c 0.25 c

ST4 0.53 a 0.37 d 0.67 c 0.00 d 0.12 d 0.21 d

ST5 0.43 cb 0.52 c 0.61 d 0.38 b 0.36 b 0.39 b

ST6 0.32 c 0.29 e 0.48 e 0.15 c 0.22 c 0.24 c

Management CP 0.44 a 0.58 a 0.66 a 0.52 a 0.31 a 0.33 a

TP 0.41 a 0.49 c 0.63 b 0.35 b 0.23 b 0.30 b

CNP 0.43 a 0.54 b 0.67 a 0.43 ba 0.28 a 0.33 a

Different letter indicates significant differences between levels for a given factor. Sensitivity value is computed as the value estimated for a given climate
scenario (C2 to C5) divided by the value estimated under the baseline climate conditions (C1) (n=72)

CP cone production, TP timber production, CTP combination of cone and timber production

Probability levels are indicated as *P≤0.05,**P≤0.01, ***P≤0.001, ns: P>0.05
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the higher clay content and, related to this, the better water
supply increased the productivity of these stands (Calama
et al. 2008). In contrast, the low-quality stands on sandy soils
(ST4) have such low annual incomes that any other agricul-
tural crop will likely be more profitable for the landowners.
For instance, at these sites, from the perspective of income
generation, traditional P. pinea stands can hardly compete
with dryland cereal fields (Mutke et al. 2000), which is the
preferred choice for farmers, even with government incentives
for afforestation (Ovando et al. 2010).

In stone pine-dominated forests, cones and pine nuts are cur-
rently the economically most important products, providing a
higher income to the forest owners than timber and other prod-
ucts (Ovando et al. 2010). However, two issues should be con-
sidered when discussing monetary revenues in stone pine stands
managed only for CP. First, average CP varies greatly in time
(due to the masting habit of the species, mainly ruled by climate
conditions) and in space (related to site quality, soil water holding
capacity, stand maturity, and stocking) (Calama et al. 2008;
Mutke et al. 2005). Second, cone stumpage prices are subject
to huge interannual variations that would have a negative effect
on the profitability of these stands (Ovando et al. 2010). Thus,
based on these considerations and the results of the current anal-
ysis, a mixed cone and timber management seems to be the most
promising economic alternative to the landowners when only
market goods and services are considered.

However, beside the economic owner interests, the
multifunctionality of Mediterranean forests where recreation,

carbon sequestration, biodiversity conservation, soil protection
against erosion, and water regulation are high-value services
(Masiero et al. 2013) needs special consideration.

4.3 Are stone pine stands viable in the Northern Plateau
in the long term?

Many studies identify the Mediterranean, in general, and the
Northern Plateau, in particular, as a climate change hotspot for
the coming years (Masiero et al. 2013; Spathelf et al. 2014).
Our study agrees with others (e.g., Bravo-Oviedo et al. 2010;
Nadal-Sala et al. 2013; Lindner and Calama 2013) that, under
climate change, the productivity of Mediterranean forests will
severely decline mainly due to temperature increases during the
summer and intensified drought periods. Particularly severe will
be the decrease in the provision of the analyzed ES under a 30%
decrease in precipitation (climate change scenarios C3 and C5),
which will be a realistic scenario based on the recent climate
change projections for the Mediterranean region (Lindner and
Calama 2013). For instance, average summer temperatures are
projected to increase between 3.4 and 5.1 °C, while summer
precipitation will be reduced between 28 and 51 % in the Med-
iterranean area (Lindner and Calama 2013). Such future climatic
conditions will convert Mediterranean forests in sources rather
than sinks for carbon dioxide (Sabaté et al 2002).

In our simulations, the reduction of 30 % in precipitation
(scenarios C3 and C5) triggered stand mortality, mainly in
low-quality sites on sandy soils (ST3 and ST4), for all
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currently practiced management alternatives. Local die-off
processes in less-productive areas have already been identified
for stone pine forests in the Central Range of Spain (Lindner
and Calama 2013; Spathelf et al. 2014). This effect will be
aggravated by the predicted failure on natural regeneration for
the species under drier conditions (Manso et al. 2014). For
instance, our simulations predict a 95 % drop in CP that will
not only affect the profitability of these stands, but also greatly
limit natural regeneration. Previous findings result in an ex-
pected substitution of stone pine by more xeric species
(Felicisimo 2011). However, on the Northern Plateau, severe-
ly limited soil water supply at sites with high sand content in
the soil prevents the substitution by other species such as
Quercus ilex. Thus, in these locations, P. pinea is the last stage
of tree vegetation, resulting in expected losses not only of
monetary revenues but also of essential ES such as protection
against soil erosion. On the other hand, at better sites, P. pinea
is expected to displace Pinus pinaster (Ledo et al. 2014),
which is another Mediterranean pine with high vulnerability
to climate change (Bravo-Oviedo et al. 2010). For instance, by
2080, P. pinaster is expected to reduce its site quality by 1–2
SI classes in the less-productive areas in the south of Spain
(Lindner and Calama 2013).

For the region represented by our analysis, the results point
out the need to develop adaptive management strategies to
assure the maintenance of ES provisioning. Particularly at
sandy sites with low productivity, soil protection is of higher
importance than monetary revenues for the landowner. In

these site types, representing more than 25 % of the total area
of stone pine distribution in the Northern Plateau, particular
attention should be drawn in developing adaptive strategies to
climate change. In these stands, adaptation and conservation
strategies through silvicultural ractices such as early and
heavier thinnings to reduce water losses through evapo-
transpiration and introduction of more resistant prove-
nances (García-Güemes and Calama 2014) are potential
options to maintain a minimum of ES provisioning in
the future (Mazza et al. 2014). The need to adapt man-
agement strategies to expected changes in climate will
be very important to sustain the functioning of Mediter-
ranean forest, especially to overcome severe periods of
drought and high temperatures (Sabaté et al. 2002).
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Appendix 1. Model for annual cone production

ln
π

1−π

� �
¼ −1:7062þ 0:0131ppjn3 þ 0:0111ppon3−0:1003nf r−0:5664ln Nð Þ þ 0:0754SI−2:7243T20−0:3298T 50

þ 2:2421d
.
dgþ NU1 ð3Þ

Ln wcð Þ ¼ −2:8930þ 0:0089ppjn3 þ 0:0055ppon3 þ 0:0030ppsumm 2 þ 0:0036ppfb my 0−0:0425nf r−0:2673ln Nð Þ

þ 0:0421SIþ 0:0454d þ 0:5895d
.
dgþ NU2 ð4Þ

where ppjn3 is the May to June precipitation (mm) in the year
previous to flowering; ppon3 is the October to November pre-
cipitation (mm) in the year previous to flowering; ppjas2 is the
precipitation (mm) in the summer (July to September) after
flowering; ppfmam0 is the February to May precipitation (mm)
in the year of cone maturation; nfr is the number of days with
frost (minimum temperature below −5 °C) during the first

winter after flowering; N is the stand density (stems ha−1);
SI is the site index (m); T20 and T50 are the categorical vari-
ables, with value of 1 when stand age is <20 or 50 years old,
respectively, and 0, for the rest; d/dg is the quotient between
dbh (d, in cm) and quadratic mean diameter (dg, in cm); and
NU1 and NU2 are the parameters characterizing subregions
within the Northern Plateau.
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