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Modeling Pinus radiata D. Don
growth and pasture production
under different land uses and
climate scenarios
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Department of Crop Production and Engineering Projects, High Polytechnic School, University
of Santiago de Compostela, Lugo, Spain

Yield-SAFE is a biophysical model to predict long-term production according

to light and water availability in agricultural, forest, and agroforestry systems.

The Yield-SAFE model should be calibrated and validated for the highest

number of tree species and crops to be used as a management tool that

takes into account climate change. This study aimed to calibrate and validate

the Yield-SAFE model for Pinus radiata D. Don and sown pasture (Dactylis

glomerata L.) to estimate the production in (1) forest systems, (2) agricultural

systems, and (3) silvopastoral systems established in Galicia (NW Spain) under

different conditions of climate: (i) reference “current” climate from 1961 to

1990, (ii) climate from 2021 to 2050, and (iii) climate from 2051 to 2080. The

Yield-SAFE model can now be used to assess the long-term productivity of

P. radiata D. Don and D. glomerata L. under different land uses and climate

conditions. The Yield-SAFE model simulated similar tree and pasture growth

in all scenarios of climate because the inter-annual variation of climate was

small. However, tree growth estimated with the Yield-SAFE model was higher

in the silvopastoral systems than in the forest systems, indicating that land

use had more impact on land productivity than climate. Therefore, in regions

such as Galicia, the Yield-SAFE model could be used as a tool to support

the land use change in an agroforestry context, whilst also including climate

scenarios which is considered a valuable solution to mitigate the effect of

climate change.
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Introduction

Climate change is one of the most important current environmental problems which
affects the whole planet (National Oceanic and Atmospheric Administration [NOAA],
2022). To mitigate the climate change impact, at the Paris climate conference (COP21),
195 countries adopted an agreement to keep a global temperature rise this century well
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below 2◦C and to drive efforts to limit the temperature increase
even further to 1.5◦C above pre-industrial levels. The Paris
agreement was ratified during the last United Nations climate
change conference (COP26) through actions that can get the
world on a more sustainable and low-carbon pathway forward.
Therefore, nowadays finding ecological and low-cost methods
to combat climate change is one of the most important
international policy goals. In this context, agroforestry systems,
defined as the deliberate integration of woody vegetation with
a lower-story agricultural production (Mosquera-Losada et al.,
2018), were mentioned by several international organizations
such as the IPCC (IPCC, 2019), FAO (Food and Agriculture
Organization of the United Nations [FAO], 2019), or IPBES
(IPBES, 2019) as a mechanism for mitigation and adaptation to
climate change.

The key role of agroforestry systems in fighting against
climate change was recently described in the Atlantic and
Mediterranean areas of the planet (Ferreiro-Domínguez et al.,
2022a,b). In those areas, agroforestry systems improve the
resilience of agricultural systems to the effects of climate change
due to their ability to retain and increase the sequestered
carbon aboveground but also belowground where carbon is
linked to the smallest soil aggregate fractions in the long-
term. Agroforestry systems also provide other ecosystem
services such as soil erosion reduction, water availability or
biodiversity conservation. Therefore, the agroforestry systems
implementation can help countries reach their goals related
to climate change adaptation and mitigation but also the
Sustainable Development Goals targets related to food and
water security (United Nations [UN], 2015). For these reasons,
in recent decades, modern agroforestry systems have been
proposed at the European level as a land use alternative for
conventional agricultural and forest systems. However, the
environmental and productive benefits of agroforestry systems
compared to conventional agricultural or forest systems are
highly difficult to predict due to the interaction of multiple
biophysical and management factors. Furthermore, research
through field experiments is expensive and time-consuming
when woody vegetation and crop measurements have to be
taken into account (Poulton, 1995; Palma et al., 2007). One
option to overcome these drawbacks could be the use of models
such as the Yield-SAFE model (van der Werf et al., 2007).
The Yield-SAFE is a biophysical model to predict long-term
production according to the daily availability of light and
water in agricultural and forest systems but also agroforestry
systems (van der Werf et al., 2007). The effect of light and
water availability on the productivity of agroforestry systems
was also considered in other agroforestry models (Eagleson
and Segarra, 1985; Charbonnier et al., 2013; Dupraz et al.,
2019). Moreover, in the last years, the Yield-SAFE model has
been further improved to provide the ability to model soil
carbon dynamics, nitrogen leaching, and livestock production,
considering the effect of the tree microclimate and the different

scenarios of climate change established by the IPCC (Palma
et al., 2016, 2018).

The Yield-SAFE model is already available for different tree
species and crops (Graves et al., 2007; Palma et al., 2007).
However, it is necessary to calibrate and validate the model
for the highest possible number of tree species and crops
to use the model at the European level as a management
tool that takes into account resource use processes including
climate change drivers. In this context, Pinus radiata D. Don
(P. radiata) is an exotic conifer widely used in afforestation
and reforestation in Spain, especially in the north, mainly due
to its fast growth rate compared with other autochthonous
tree species (Crecente-Campo et al., 2009). P. radiata is also
one of the most widely used tree species in the establishment
of silvopastoral systems (combining woody vegetation with
forage and animal production) in regions such as Galicia (NW
Spain) (Mosquera-Losada et al., 2015; Ferreiro-Domínguez
et al., 2022b). In this region, P. radiata occupies an area
of 96.177 ha according to the IV National Forest Inventory,
around 7% of the total wooded area (Iv National Forest
Inventory [NFI], 2011). Under this context, the calibration
and validation of the Yield-SAFE model for this tree species
is of high importance in Spanish regions such as Galicia
where 69% of the land is forest land (Xunta de Galicia,
2016). The Yield-SAFE model could also be calibrated and
validated for herbaceous species such as Dactylis glomerata
L. (D. glomerata), which is widely used to establish sown
pasture in open areas, but also in silvopastoral systems due
to its shade tolerance (Peri et al., 2001). It is important to be
aware that grasslands, including sown pasture and rangeland,
are among the largest ecosystems in the world (Food and
Agriculture Organization of the United Nations [FAO], 2016).
Moreover, silvopasture is the most used agroforestry practice
across Europe as it covers over 18 million hectares (4.27% of
the EU territory and 25% of the land considered as grasslands),
leaving around 75% of the EU grassland as potential areas where
agroforestry practices can be implemented (Mosquera-Losada
et al., 2018).

This study aimed to calibrate and validate the Yield-SAFE
model for P. radiata and sown pasture (D. glomerata) to estimate
the production in (1) forest systems, (2) agricultural systems,
and (3) silvopastoral systems established in Galicia (NW Spain)
under different conditions of climate: (i) reference “current”
climate from 1961 to 1990, (ii) climate from 2021 to 2050, and
(iii) climate from 2051 to 2080.

Materials and methods

Yield-SAFE model calibration

The Yield-SAFE calibration procedure was done,
as a first step, for potential growth data of P. radiata
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(Sánchez et al., 2003) and D. glomerata (Yepes and Piñeiro,
1972) obtained from the measurement of permanent
sample plots established in Galicia (NW Spain) without
fertilization and irrigation. In both cases, the Yield-
SAFE calibration for P. radiata and D. glomerata was
done assuming light and temperature, but not water,
limited growth within the model. With no water limiting
conditions, potential growth is expected, and therefore
a fine-tuning of parameters was made. However, the
validation of the model and the successive simulations
take into consideration the real water availability and water
availability provided by the CliPick tool (Palma, 2017),
respectively.

The calibration of model parameters for the potential
growth of P. radiata and D. glomerata was based on an
extensive literature review and existing datasets with tree
and pasture measurements. Climate data (daily maximum
and minimum temperature and daily precipitation) were
taken from nearby weather stations to the study area
where tree and pasture data were collected to validate the
model (Galicia, NW Spain). In the case of the radiation
and the relative humidity, the data was obtained through
the CliPick tool (Palma, 2017) due to the lack of data
in the weather stations. In CliPick, we used the highest
resolution available (approx. 12 km) historical dataset
of the Regional Atmospheric Climate Model (RACMO)
developed by the Royal Netherlands Meteorological Institute
(KNMI) and generated in the framework of the EURO-
CORDEX effort which has shown a remarkable quality on the
representation of European climate, in particular precipitation
(Kotlarski et al., 2014; Katragkou et al., 2015; Prein et al.,
2015).

In the case of the tree, parameter calibration of the
Yield-SAFE model was made with a Python version of the
model prepared to use an optimization module with the
L-BFGS-B algorithm (Byrd et al., 1995). In this technique,
lower and upper bounds were set for each parameter value
found in the literature, and a minimization procedure was
performed on the likelihood between observed vs. modeled,
providing the optimal set of parameters that best fit the
observed measurements. A MS Excel© implementation of
the model was used to corroborate the tree calibration
results and provide a graphic interpretation of the results
(Graves et al., 2010). The MS Excel© implementation of the
model was also used to carry out the pasture parameter
calibration.

Yield-SAFE model validation

In a second step, the calibrated parameters of the Yield-
SAFE model for the potential growth of P. radiata and
D. glomerata were used to validate the model with observed

data in long-term experiments established in Lugo (Galicia, NW
Spain) at an altitude around 450 m above sea level.

In the case of the trees, the model was validated with the
data of tree heights and diameters measured in a silvopastoral
system established with P. radiata from 1995 to 2013. In that
silvopastoral system, the density of the plantation was 833 trees
ha−1 with a planting distance of 3 m × 4 m. After plantation, the
understory was sown with a mixture of D. glomerata var. Saborto
(25 kg ha−1), Trifolium repens L. var. Ladino (4 kg ha−1)
and Trifolium pratense L. var. Marino (1 kg ha−1). Fertilizers
were not applied to replicate traditional reforestation practices
for agricultural land in this area. Moreover, low pruning was
performed on trees at the end of 2001. Tree biomass was
also determined with a robust allometric equation based on
the tree height and diameter. This allometric equation was
developed by Montero et al. (2005) and used for parameter
validation of the model. It is important to be aware that the
tree biomass was considered as estimated data and therefore
its standard deviation was increased by 70% when calculating
likelihood.

The validation of pasture parameters of the Yield-SAFE
model was performed with pasture production data from an
agricultural plot sown with a mixture of D. glomerata var.
Artabro (25 kg ha−1) and Trifolium repens L. var. Huia
(3 kg ha−1) without fertilization. This plot was selected
to validate the parameters of the model due to the high
proportion of D. glomerata in the botanic composition of
the pasture (above 80% in almost all harvests) because
the Yield-SAFE model is not yet prepared to work with
a multispecific pasture composition with different light and
humidity requirements. For parameter validation of the
Yield-SAFE model, the pasture production (Mg dry matter
ha−1) estimated in May, June, July, and December from
1999 to 2006 was considered. Annual pasture production
was also calculated by summing the consecutive harvests
of the pasture production in that year and was used to
validate the model.

Modeling scenarios

Once the Yield-SAFE model was calibrated and validated,
the model was used to determine the productivity of
hypothetical land uses: (i) forest systems established
with P. radiata in which the forest management of the
yield tables for this tree species in Galicia was simulated
(Sánchez et al., 2003), (ii) agricultural systems with pasture
(D. glomerata), (iii) silvopastoral systems in which the
pasture production was combined with the growth of
P. radiata established at 100 trees ha−1 to keep the land
eligible for the Common Agricultural Policy (CAP) support
[article 9 of the Commission Delegated Regulation 640/2014
(European Union [EU], 2014)].
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TABLE 1 Tree parameters used in the calibration and validation of the Yield-SAFE model for Pinus radiata.

Bio-parameters Description Value References

Management Pheight Pruning height (m) 2 Carson et al., 2014

Pshoots Proportion of shoots removed per prune 0.2 *

maxPropbole Maximum proportion of bole 0.5 *

Bheight Maximum bole height (m) 1 *

Initial conditions nShoots0 Initial number of shoots 0.67 *

Biomass0 Initial tree biomass (g tree−1) 54.33 *

LA0 Initial tree leaf area (m2 tree−1) 0.25 Waghorn et al., 2015

Parameters Ap Power function to describe relationship between tree height and diameter 1.04 *

Epst Radiation use efficiency (g MJ−1) 0.8 Álvarez et al., 2013

F Form factor of the tree 0.41 Kimberley and Beets, 2007

gammat Water needed to produce 1 g of tree biomass (m3 g−1) 0.000001 *

kt Radiation extinction coefficient 0.8 *

Kmain Fraction of Biomass needed for maintenance respiration 1.3719E-05 *

LA max Maximum leaf área (m2) 224.99 Teskey and Sheriff, 1996

ratio branch Ratio of branches to total biomass 0.35 *

ratio timber Ratio of timber to total biomass 0.65 *

Wood density Wood density (g m−3) 400,000 Mead, 2013

pFcritt Critical pF value for tree [log (cm)] 3.84 *

PWPt Permanent Wilting Point for Trees [log (cm)] 4.2 *

dsigma/density The change in Sigmaheight with density 150.02 *

Sigmaheight Ratio of tree height to tree diameter for a free growing tree 60.15 Mead, 2013

Canopy width/depth Ratio of maximum width to canopy depth 0.9 *

*Value recommended by experts in Galicia (NW Spain).

FIGURE 1

Results of the calibration (A) and validation (B) of the Yield-SAFE (YS) model for Pinus radiata in Galicia (NW Spain).

Moreover, the production obtained in these hypothetical
land uses was compared in different scenarios of climate
from KNMI-RACMO datasets provided by the CliPick tool
(Palma, 2017): (i) climate from 1961 to 1990 representing

the current climate, (ii) climate from 2021 to 2050 simulated
with the Representative Concentration Pathway 8.5 (RCP 8.5)
scenario, and (iii) climate from 2051 to 2080 simulated with the
RCP 8.5.
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TABLE 2 Pasture parameters (Dactylis Glomerata) used in the calibration and validation of the Yield-SAFE model.

Bio-parameters Description Value References

Initial conditions (Bc)0 Initial Biomass (g) 20 Moreno et al., 2006

LA Initial leaf area (m2 m−2) 0.8 Pogacart and Kajfez-Bogataj, 2015

(pl)0 Partition to the leaves at emergence 0.8 *

Parameters epsc Potential growth (g MJ−1) 1.5 Feldhake and Belesky, 2009

gammac Water needed to produce 1 g of crop biomass (m3 g−1) 0.00075 Moreno et al., 2006

HIcrop1 Harvest index (g g−1) 0.9 *

kc Radiation Extinction Coefficient 0.8 Jovanovic and Annandale, 1998

(pFcrit)c Critical pF value for crop [log (cm)] 3 *

PWPc Permanent Wilting Point for Crop [log (cm)] 4.2 *

Thetacrop1 Moisture content of the crop (wet basis) 0 *

SLA Specific Leaf Area (m2 g−1) 0.02 Milla et al., 2008

CropUME Utilizable Metabolizable Energy (MJ kg−1) 10 Martínez-Fernández et al., 2008

DE Digestibilty energy (%) 63.3 Rocalba, 2016

Kmainc_m Maintenance respiration coefficient (fraction of biomass) 0.03 Peri, 2002

Kmainc_g Amount of carbon respired to maintain existing biomass 0.45 Press et al., 1998

To Temperature threshold (◦C) 5 *

Tsumemerge Temperature sum to emergence (◦Cd) 0 *

TsumR Temperature sum at which partitioning starts to decline (◦Cd) 300 *

TsumRE Temperature sum at which partitioning to leaves (◦Cd) 400 Al Haj Khaled et al., 2005

Tsumharvest Temperature sum to harvest (◦Cd) 100,000 *

*Value recommended by experts in Galicia (NW Spain).

Results

Calibration and validation of the
Yield-SAFE model

Tree
The tree growth calibration process delivered a set of

parameters (Table 1) which is bounded within the parameters
found in the literature. The consistency of the model in
estimating the tree growth with those parameters can be
observed in Figure 1A in the case of the potential tree growth
(calibration) and Figure 1B for the observed data (validation).
In year 30 of the calibration process, the Yield-SAFE model
reached values of 26.82 m for height, 43.02 cm for diameter,
1.61 m3 tree−1 for tree volume, 362.8 m3 ha−1 for stand volume,
and 992 kg tree−1 for biomass. While the values reached by the
Yield-SAFE model in the validation process in the year 18 were
20.82 m for height, 31.62 cm for diameter, 0.68 m3 tree−1 for tree
volume, 375.21 m3 ha−1 for stand volume, and 416 kg tree−1 for
biomass. In both cases, these values were similar to the values of
potential tree growth in the studied area and the observed data.

Pasture
The parameters for D. glomerata resulting from the

calibration process of the Yield-SAFE model can be observed
in Table 2. The Yield-SAFE model, set with the parameters of
Table 2, captured the potential values of the annual production

of D. glomerata in the area (10 mg dry matter ha−1) during the
calibration process (Figure 2A). In the validation process, the
Yield-SAFE model also reached the annual and seasonal values
of pasture production in the majority of the dates (Figure 2B)
providing a basis to predict the pasture response to different
situations.

Modeling scenarios

Climate
The annual data of precipitation and mean temperature

estimated through the CliPick tool for the climate scenarios
1961–1990, 2021–2050, and 2051–2080 can be observed in
Figure 3. The 2021–2050 scenario was the rainiest scenario
with an annual mean precipitation of 1150.47 mm followed
by the 2051–2080 scenario (1097.97 mm) and the 1961–1990
scenario (1014.4 mm). The 2021–2050 scenario had the lowest
annual mean temperature (10.75). The highest annual mean
temperature was present in the 2051–2080 scenario (11.72◦C),
being this temperature also slightly higher than that observed in
the 1961–1990 scenario (11.37◦C).

Tree
Figure 4 shows that in the last years of the simulations,

the height, diameter, volume, and biomass of the trees
were higher in the hypothetical silvopastoral systems than
in the hypothetical forest systems established in the same
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FIGURE 2

Results of the calibration (A) and validation (B) of the Yield-SAFE (YS) model for the pasture production (Dactylis glomerata) [Mg dry matter (DM)
ha-1] in Galicia (NW Spain).

period. Thus, in the hypothetical silvopastoral systems,
the height, diameter, volume, and biomass of the trees
reached mean values of 30.20 ± 0.10 m, 50.14 ± 0.17 cm,
2.5 ± 0.02 m3 tree−1, and 1378.52 ± 29.34 kg tree−1,
respectively, in the year 30. However, in the hypothetical
forest systems, the Yield-SAFE model estimated a mean height
of 26.66 ± 0.15 m, a mean diameter of 41.66 ± 0.23 cm, a
mean volume of 2.16 ± 0.03 m3 tree−1, and a mean biomass
of 850.67 ± 15.77 kg tree−1 in the year 30. Moreover, due
to higher tree density, the stand volume increased in the
forest systems (577 ± 9.62 m3 ha−1 in the year 30) compared
to the silvopastoral systems (246.61 ± 2.49 m3 ha−1 in
the year 30).

In the hypothetical forest and silvopastoral systems,
the tree variables estimated with the Yield-SAFE model

were generally similar in all climate scenarios with slightly
lower tree growth in the 2021–2050 scenario (566.89 m3

ha−1 in the year 30) compared to the other climate
scenarios (1961–1990 scenario: 578.08 m3 ha−1 and 2051–
2080 scenario: 586.05 m3 ha−1 in the year 30) in the case of
the forest systems.

Pasture
When the hypothetical agricultural systems were compared

to the hypothetical silvopastoral systems established in the same
period, the simulations showed that from year 10, there was a
higher pasture production in the agricultural systems compared
to the silvopastoral systems in all climate scenarios (Figure 5).

In the hypothetical agricultural systems, the mean values of
pasture production estimated with the Yield-SAFE model were
generally higher in the 2021–2050 scenario (3.04 ± 0.24 mg
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FIGURE 3

Annual precipitation (mm) and annual mean temperature (◦C) simulated with the CliPick tool (Palma, 2017) for the scenarios of climate
1961–1990, 2021–2050, and 2051–2080.

dry matter ha−1) compared to the 1961–1990 scenario
(2.97 ± 0.26 mg dry matter ha−1) and the 2051–2080 scenario
(2.88 ± 0.22 mg dry matter ha−1). This result was also
observed in the hypothetical silvopastoral systems except for
the last 5 years in which it seems that the mean values of
production of pasture simulated with the Yield-SAFE model
were higher in the 2051–2080 scenario (2.08 ± 0.13 mg dry
matter ha−1) than in the 1961–1990 scenario (1.99 ± 0.08 mg
dry matter ha−1) and the 2021–2050 scenario (1.92 ± 0.08 mg
dry matter ha−1).

Discussion

Calibration and validation of the
Yield-SAFE model

The Yield-SAFE model calibration and validation procedure
was successfully performed for P. radiata. In this context, the
model estimated in the hypothetical silvopastoral systems
established tree yields of 2.5 m3 tree−1 at 30 years compared
to forest systems (2.16 m3 tree−1). These values may seem
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FIGURE 4

Growth of Pinus radiata simulated with the Yield-SAFE model in hypothetical forest and silvopastoral systems under different scenarios of
climate established through the CliPick tool (Palma, 2017): (i) climate from 1961 to 1990, (ii) climate from 2021 to 2050, and (iii) climate from
2051 to 2080.

too high at first sight. However, some authors as Mead
(2013) report yields of about 3–4 m3 tree−1 in low-density
systems in New Zealand. Regarding the pasture production,
the results of the calibration and validation procedure show
that on some dates, the Yield-SAFE model did not adequately
reach the potential and observed production values. This
behavior of the model could be due to the increase of the
spontaneous species proportion in the pasture on these
dates with different light and humidity requirements and
cut responses than D. glomerata, however, it is important
to be aware that the pasture production simulated by the
model in the hypothetical agricultural and silvopastoral
systems established in this study is within the ranges of
0.11–5.48 mg DM ha−1 and 1.57–7.72 mg DM ha−1 found
by Rigueiro-Rodríguez et al. (2012) and Ferreiro-Domínguez
et al. (2014), respectively, both in silvopastoral systems
established in the same area with the same forest specie.
Therefore, as shown below, in edaphoclimatic conditions
similar to those of Galicia, the Yield-SAFE model could
be used as a management tool to estimate the productivity
in different land uses with tree species such as P. radiata
and herbaceous species used to establish pastures such
as D. glomerata Moreover, the Yield-SAFE model has
already been successfully calibrated and validated for
other tree species and crops established in the Atlantic
and Mediterranean areas of Europe (Graves et al., 2010) which
favors the use of the model at a high level under different
climatic conditions.

Land use scenarios

When the tree growth in the hypothetical forest systems was
compared to the tree growth in the hypothetical silvopastoral
systems established in the same period (1961–1990, 2021–2050,
and 2051–2080) it was found that in the last years, the height,
the diameter, the volume and the biomass of the trees estimated
with the Yield-SAFE model were higher in the silvopastoral
systems than in the forest systems. The highest tree growth
associated with the silvopastoral systems could be explained
by the higher tree density in the forest systems than in the
silvopastoral systems which could imply a high competition
from neighboring trees in the forest systems, thereby reducing
the tree growth over time (Woodruff et al., 2002). The higher
tree density in the forest systems than in the silvopastoral
systems also explains the higher stand volume found in the
forest systems than in the silvopastoral systems.

In the case of pasture production, the Yield-SAFE model
estimated that during the first 10 years, the pasture production
was the same in the silvopastoral systems compared to the
agricultural systems established in the same period probably due
to the low size of the trees. However, from the tenth year, the
Yield-SAFE model simulated a higher pasture production in the
agricultural systems compared to the silvopastoral systems. This
result could be explained by the light and water competition by
the trees in the silvopastoral systems which can limit pasture
development. It is important to be aware that in the Atlantic
region of interest to this study, shade coverage greater than
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FIGURE 5

Pasture production (Dactylis glomerata) [mg dry matter (DM) ha-1] simulated with the Yield-SAFE model in hypothetical agricultural and
silvopastoral systems under different scenarios of climate established through the CliPick tool (Palma, 2017): (i) climate from 1961 to 1990, (ii)
climate from 2021 to 2050, and (iii) climate from 2051 to 2080.

55% reduces pasture production and quality between 30 and
50% (Rigueiro-Rodríguez et al., 2007) which is in line with the
Yield-SAFE projections. The negative effect of tree growth on
pasture production was also observed by Rigueiro-Rodríguez
et al. (2012) in silvopastoral systems established in the same
area with P. radiata and Betula alba L. These authors noted
that the negative effect of P. radiata on pasture production
was more important than that created by B. alba L. due to
the faster growth rate and the denser aerial structure type
of P. radiata which limits the amount of light reaching the
understorey (Brockerhoff et al., 2001). Therefore, it is important
to identify and apply optimal management practices to optimize
tree growth and pasture production in conventional forest and
agricultural systems but also in silvopastoral systems. The Yield-
SAFE model could be used as a tool to carry out adequate land
management under different scenarios that optimize land use
productivity in an agroforestry context.

Climate scenarios

In this study, the results obtained showed that the tree
and pasture growth was similar in all the scenarios of
climate, independently of the land use, probably because the
climate scenarios established by the IPCC simulate very small

interannual variations of climatic conditions in the Galician
region. This result suggests that land use has more impact
on tree growth (and stand biomass/volume) than climate
concerning productivity. However, it also seems that in the
hypothetical forest systems, the tree variables simulated with
the Yield-SAFE model were slightly lower in the 2021–2050
scenario compared to the other scenarios. This result could
be explained by the lower annual mean temperature estimated
in the 2021–2050 scenario (10.75◦C) than in the 1961–1990
scenario (11.37◦C), and the 2051–2080 scenario (11.72◦C). In
this context, the variation of the P. radiata growth due to
temperature fluctuations was previously observed by Rook and
Whitehead (1979) in different regions of New Zealand. These
authors found that the difference of a few degrees in seasonal
temperatures is a key factor in the variation of the P. radiata
growth which agrees with the results simulated by the Yield-
SAFE model in this study. However, it is important to take
into account that as the climate is continually changing it
is difficult to relate the response of tree growth to a single
environmental variable. On the other hand, the improvement
of P. radiata growth associated with an increase in temperatures
could be considered beneficial. However, this means that trees
need more water to keep growing throughout the season or
they will stop growing due to water limitations while increasing
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wildfire risk. Once the growing season ends, the milder winters
fail to kill dormant insects, increasing the risk of pests in
subsequent seasons (Robinet and Roques, 2010). The increase
in fire risk in the regions like Galicia would be a serious problem
because Galicia is one of the most fire-prone areas in Europe
(Joint Research Centre [JRC], 2017). Therefore, it is necessary
to look for practices of mitigation and adaptation to climate
change which decrease the forest fire risk such as silvopasture
(Mosquera-Losada et al., 2018).

Although in the hypothetical forest systems of this study
the Yield-SAFE model simulated a lower tree growth in the
2021–2050 scenario than in the other climate scenarios, the
pasture production simulated by the model in the agricultural
systems and the silvopastoral systems tended to increase in the
2021–2050 scenario compared to the other climate scenarios.
The highest pasture production associated with the 2021–2050
scenario could be due to the higher precipitation registered
in this scenario compared to the other scenarios. The positive
relationship found between pasture production and annual
precipitation was previously described by several authors as
Smit et al. (2008) in different regions across Europe. However,
it is necessary to highlight that in the 2021–2050 scenario,
the tree growth was not positively affected by the increase
of precipitation as the pasture probably because the model
considers that the trees are less sensitive to lack of water [higher
values for critical soil pF (soil water tension)] than the pasture.
Finally, in the last 5 years of the hypothetical silvopastoral
systems simulation, there was a higher pasture production in
the 2051–2080 scenario than in the other scenarios. This result
could be explained by the increase in the temperature (through
the increase in the number of growing days) and by the lower
soil water evaporation due to the presence of the trees.

Conclusion

The Yield-SAFE model has been used successfully in the last
decade to estimate yields in agroforestry systems in the long
term and that consistency is achieved in this study focused on
the evaluation of the long-term productivity of P. radiata and
D. glomerata Either in the forest, agricultural or agroforestry
scenarios, the simulations of tree, and pasture growth were
similar in all climate scenarios, probably because the inter-
annual variation of climate conditions was relatively small.

The tree growth on a per-tree basis estimated with the Yield-
SAFE model was higher in the silvopastoral systems than in
the forest systems. Although this is a typical tree characteristic
in agroforestry systems showing that resources are allocated to
trees and stand biomass is not a linear reduction of tree density,
this study also evidences that land use has more impact on land
productivity than climate.

Nevertheless, the Yield-SAFE model is showing that can
be used as a tool to support further assessments with

other combinations of tree densities to find the management
alternatives that optimize the land use productivity under
an agroforestry context, whilst including climate scenarios.
Although the latter may seem to have little effect mostly because
the region has high precipitation rates (over 1,000 mm year−1),
other climate scenarios may arrive due to different models or
future projections with different CO2 concentration pathways.

In any case, modeling with the Yield-SAFE model seems
to be a promising approach to assess agroforestry scenarios in
Galicia, contributing to estimate the productivity of a land use
system which is considered a valuable solution to mitigate the
effect of climate change.
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