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Abstract: The cork oak (Quercus suber L.) woodlands, known as montados in Portugal, hold significant
economic, cultural, social, and environmental value. They are found in the Mediterranean Sea
basin, particularly in the Iberian Peninsula, and sustain various activities like silvopastoralism, with
cork being a primary product. Despite its economic significance, challenges such as climate change
threaten its sustainability. This study aimed to analyze the edaphoclimatic variables affecting cork
yield, thickness, price, and gross income in the Alentejo region of Portugal. A total of 35 farmers
were selected for the data collection included in this study. Multivariable linear regressions were
performed to establish relationships between cork yield, thickness, price, and gross income as
dependent variables, various edaphoclimatic factors, and tree densities. A higher tree density
correlates with an increased cork yield but a decreased cork thickness. Soil pH affects cork yield
and thickness, with a lower pH favoring higher cork yields but thinner cork. A higher clay and silt
content in horizon soil C enhances cork thickness and raises the price but reduces the cork yield.
Higher accumulated precipitation and temperatures contribute to higher yields and thicknesses of
cork. It is concluded that the relationships between the dependent and the independent variables
are complex but partially explainable. Understanding these relationships is paramount to ensure
sustainable management practices are adopted that are capable of addressing issues raised in the
current context of climate change.

Keywords: agroforestry; cork thickness; cork oak; cork yield; soil; montado; suber

1. Introduction

Cork oak (Quercus suber L.) woodlands are commonly found in agroforestry systems
of the Mediterranean Sea basin countries. The distribution of these landscapes is pre-
dominantly in the Iberian Peninsula, where they are known as montado (Portugal) and
dehesa (Spain) [1]. A multitude of direct values and externalities relate to these agroforestry
systems. Their economic value is derived from silvopastoral activities, including the use
of acorns as a feed, firewood, and mainly cork [2]. Externalities include cultural, social,
and environmental values: The montado is part of a tentative list of Portuguese places for
inclusion in the UNESCO World Heritage List [3], and the cork oak woodlands and forests
have a high conservation value for biodiversity [4,5]. Cork oak woodlands are explored
not only for their cork but also to serve as a silvopastoral environment where diverse
farm animal species can be kept [6,7]. Cattle can graze natural or sawn pastures, where
intensification depends on factors such as tree density and slope [8–10]. Other grazing
animals such as sheep, goats, and horses can also use these pastures, sometimes rotating
between them [9,10]. Despite being more prominently known for feeding on the acorns
produced by holm oaks, pigs can also feed on the acorns of cork oaks, to produce the
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famous Iberian hams [11]. Decades ago, raising turkeys on acorns was also a tradition in
the montado of Alentejo, in Portugal. The practice has regained importance recently, and
the Christmas turkey raised on acorns is now a delicacy [12].

Cork is the bark or outer periderm of the cork oak. Cork is produced by the secondary
meristem, the phellogen, forming successive annual layers of cork during the trees’ life [13].
The first cork harvested (virgin cork) is a hard, rough cork, irregular in density and thickness.
According to Portuguese legislation, this extraction can only take place when 30 to 50% of
the tree diameter reaches at least 70 cm [14]. The secondary cork is grown after the virgin
cork extraction. After the first extraction, debarking occurs every 9 years, at least, to allow
regrowth [13,15]. The secondary cork improves in quality and almost reaches the quality of
the subsequent debarking (amadia or reproduction cork) [14].

The cork oak area in 2020 was around 2.123 million ha worldwide, of which 720 thousand
(34%) were in Portugal and 574 thousand (27%) in Spain [16]. The world cork production
in 2020 was around 187 million metric tons, of which 85 thousand (46%) were produced in
Portugal and 61 thousand (33%) in Spain [16]. Despite being the largest producer, Portugal
is the third-largest importer of cork due to the concentration of processing industries in
the country, which later export in the form of end-user products. Portugal is the world
leader in cork end-user production, with a share of 62.1%, totaling EUR 1016.1 million [16].
Therefore, the cork-related economy has a direct influence on the Portuguese trade balance
by ensuring the maintenance of direct jobs, from production and extraction to the processing
industry and commerce (8600), and many indirect jobs from the other industries and
transport [17]. The importance of these agroforestry systems as carbon sinks has also
been recognized [18].

Around 70% of the cork is still as stoppers for wine bottles [16]. Considering that cork
products compete on the market with other substitutes from highly competitive industries
with aggressive marketing aimed at satisfying new customer demands, the situation in the
cork industry is perceived as challenging. In this industry, Portugal has long had expertise
in the process of manufacturing cork products. There is, however, limited investment in
research and development of new applications such as thermal insulation [19], lightweight
aerostructures [20], or special composites [21,22].

The cork oak is an evergreen tree thriving in the Mediterranean basin and biome but is
limited climatically in its spread by the thermo-Mediterranean and meso-Mediterranean bio-
climatic belts [23]. The cork oak is the most selective oak species within the Mediterranean
basin, concerning edaphic and climatic parameters such as temperature and precipita-
tion [24]. Despite benefiting from water availability throughout the year, the cork oak is
particularly susceptible to waterlogging [25]. In terms of temperature, the mean optimum
is situated in the range of 13 ◦C to 19 ◦C, and the minimum tolerance is −5 ◦C [26]. This
characteristic leaves the species susceptible to climate change, and therefore the study of its
edaphoclimatic specificities has been prioritized [1,27–31]. Raising climatic temperatures
together with extended drought periods have already been reported as a cause of the death
of cork oaks in Tunisia [32]. The climate, combined with specific site characteristics, plays
a crucial role in achieving balance within hydromorphic soil conditions. This balance,
which hinges on the interplay between soil properties, topographical features, and water
availability, is vital for the thriving growth of cork oak trees [25].

Cork oak decline has been reported [33] and is thought to result from a combination
of primary (predisposing) factors and secondary (opportunistic) factors [34,35]. Among
the primary causes, water availability is widely acknowledged as a significant contributor,
given the resemblance between symptoms of cork oak decline and those associated with
prolonged water stress [36]. Despite their strong adaptation to summer droughts and
limited water resources [37], the distribution of cork oaks is closely tied to the severity of
drought, hydromorphic soil conditions, and the interaction between soil, site characteristics,
and water availability [38].

Cork oaks occur naturally in Portugal all over the country. However, the traditional
regions of cork production are Ribatejo and Alentejo. In recent decades, new plantations
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have also been located in northern regions of Beira-Baixa and Trás-os-Montes [39]. This
partial relocation northwards may prevent the future survival of the species [39].

Despite the undeniable importance of the cork sector, persisting issues could compro-
mise the position occupied by the sector in the medium and long term. Among the major
challenges affecting the sector, those at the production level stand out, ranging from the
undercrowding of cork oak forests to the lack of regeneration [40,41]. These aspects are
further aggravated by overexploitation and unfavorable cultural practices [42]. Climate
change is also seen as a future challenge to the species as the tendency for longer periods of
concentrated rain or drought is expected [27]. The effect of prolonged periods of drought,
caused by climate change, has also been identified as responsible for declining episodes of
cork oaks, amplifying disease effects and causing sudden death [43].

Overall, there is a need to understand how different edaphoclimatic variables interact,
to develop management techniques capable of mitigating the negative effects caused by
the reduction in rain distribution, its seasonal concentration, and the extension of drought
periods caused by climate change. To our knowledge, there are no previous studies
including all the variables used in the present study, allowing for the study of their added
effects. The present study set out with the objective of studying the main edaphoclimatic
variables hindering the yield of cork, its thickness, price, and income. The aim was to
identify constraints and advantageous natural factors allowing us to define strategies for
cork oak woodland regeneration in the context of climate change.

2. Materials and Methods
2.1. Data Collection

Data were collected through questionnaires using a sample of thirty-five farms located
in the municipalities where montado occupies a prominent place in the Portuguese regional
economy of Alentejo. These municipalities included Évora, Portalegre, Portel, Ponte de
Sôr, Avis, Mora, and Montemor-o-Novo. Informed consent for the collection of data was
obtained from the interviewees and anonymous answering was guaranteed. The ques-
tionnaire included questions to collect the data used in the present study and served this
sole purpose. The interviews were conducted in November 2023 and all the interviewees
extracted cork in at least one of their farm fields that year. All the data collected refer to
those fields. In all these fields, the extraction was conducted after a regrowth period of
nine years.

According to the World Reference Base for Soil Resources (WRB) classification, the
majority (60%) of the soils where the samples were collected are podzols with arenites,
and with coarse-grained acid igneous rock as the parent material (Municipalities of Ponte
de Sôr, Mora, Alcaçer-do-Sal, and Aviz). The soil samples collected in the municipalities
of Portalegre and Évora (23%) are classified as cambissols with granites as parent materi-
als. The samples collected in the municipalities of Montemor-o-Novo and Gavião (17%)
originated from Leptosols, with schist and graywacke as their parent materials.

The soil samples were collected by the authors, and the analysis was performed by
technicians in the laboratory of agriculture chemistry at the University of Évora. The
soil texture components were calculated using the hydrometer method, and the soil pH
determination was performed using test strips (Universal Indicator Paper). The organic
matter content of the soil was determined using the loss on ignition method, at 550 ◦C for
2 h. As there was no apparent division between horizons O and A in the soils sampled,
the samples of horizon A may include any vestigial horizon O. The CEC was determined
using the ammonium acetate method.

The density of the montado was determined using the aerial photography of SIP
(Sistema de Identificação Parcelar), the system used in Portugal to identify and measure
the fields in the Common Agricultural Policy. Soil sampling in horizon C of the soil was
conducted after a tractor backhoe dug a hole. The meteorologic data were obtained from
the register of the Direção Regional de Agricultura do Alentejo (the regional government
agriculture services). The farmers gave all the other data.
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The cork was initially piled in the respective field and was weighed within 2 months
after extraction. The cork was weighed in a weighbridge when leaving the fields after being
loaded on a lorry. The moisture content of the cork was not taken. The thickness of the cork
was measured according to the procedure described by UNAC [44].

2.2. Variables Included in This Study

The following were chosen as dependent variables (DVs):
Y1—Yield, cork production per ha. The original data were collected in arroba per ha.

Arroba is a local weight unit equivalent to 15 kg. This variable was later translated into kg;
Y2—Cork thickness, corresponding to the thickness of the board, expressed in millimeters.
Y3—Price in euro per kg. The original data for the price were collected in euro per

arroba, which was later translated into euro per kg;
Y4—Gross income per ha. Obtained after multiplying the yield by the price.
The following were chosen as independent variables (IVs):
X1—Density of the cork oak woodland. This variable may make an important contri-

bution to explaining the production volume. In the area under study, there are generally
low-density situations, characteristic of the Portuguese montado with an undercrowding of
cork oaks. Defined as the number of trees per ha.

X2—Cationic exchange capacity (CEC). This variable is expressed in cmolc/kg, as the
number of cations necessary to neutralize negative loads of a unit quantity of soil under
standardized conditions. The cation exchange capacity is extremely important in plant
nutrition and correlates with other pedological parameters such as clay content, organic
matter, and pH.

X3—Soil organic matter (OM) content measured in horizon A of the soil, including
horizon O. The total soil OM is a source of nutritional elements for plants, especially
nitrogen, but has other beneficial roles such as increasing the CEC and retaining moisture.

X4—Clay and silt content of the soil in horizon A.
X5—pH of the soil in horizon A. There are strong correlations between pH values and

plant nutrition and development. Extreme pH values, whether acidic or basic, can hinder
the assimilation of some nutrients. To infer the influence of this parameter, we included it
in the analysis.

X6—Clay and silt content of the soil in horizon C. Horizon C is the deeper soil layer
above bedrock or cemented soil.

X7—Accumulated precipitation (mm) in the nonad of years preceding cork extraction
from the oak.

X8—Accumulated precipitation (mm) in the summers of the nonad of years preceding
cork extraction from the oak.

X9—Number of days with frost in the nonad of years preceding cork extraction from
the oak.

X10—Number of days with negative temperatures in the nonad of years preceding
cork extraction from the oak.

X11—Number of days with an average temperature above 25 ◦C in the nonad of years
preceding cork extraction from the oak.

2.3. Statistical Procedure

In this cross-sectional study, the DVs were used individually in different models and
fitted using all the IVs. The models used were generalized linear models for DVs presented
as scale data, with an identity link function similar to multivariable linear regressions. The
dataset was extended using a bootstrapping procedure to generate 1000 additional entries.
Initially, the models were fitted with all the IVs, and a backward stepwise procedure was
used for the elimination of all the non-significant IVs. The models were fitted without an
intercept to allow for easier interpretation of the coefficients associated with the variables.
The models were evaluated by the likelihood ratio chi-square test, and the variables in
the models by the Wald chi-square test. Akaike’s information criterion (AIC) for the
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models was also determined. Wald confidence intervals were produced for all the models’
parameters. The assumption of independence between observations was immediately
confirmed, and therefore, the assumptions were met. All levels of significance were set to
p < 0.05. The procedures were implemented via the Generalized Linear Models routine from
the statistical package SPSS® Statistics (IBM Corp.®, Armonk, NY, USA; version: 29.0.2.0
(20)). Descriptive statistics and correlations were also calculated for all the variables. The
Kolmogorov–Smirnov test was used to check the normal distribution of variables.

3. Results
3.1. Descriptive Statistics

The descriptive statistics for the independent variables can be found in Table 1. Note
that the minimum and maximum values determined by the sample limit the variability of
these independent variables within the adjusted models that follow.

Table 1. Descriptive statistics of the dependent and independent variables used in the present study.

Variables Minimum Maximum Mean SD

Dependent variables

Y1 Yield (kg/ha) 750 2250 1414.28 341.07
Y2 Quality (mm) 27 47 36.33 6.43

Y3 Price (euro/kg) 1.53 2.40 1.94 0.19
Y4 Gross Income (euro/ha) 1388 4500 2744 725.48

Independent variables

X1 Density (trees/ha) 20 100 46.29 20.38
X2 CEC (meq/100 g) 2.80 14.25 7.48 4.25

X3 OM HA (%) 0.44 3.43 1.01 0.88
X4 Clay and Silt HA (%) 3.1 16.3 6.9 3.6

X5 pH HA 5.0 6.4 5.9 0.43
X6 Clay and Silt HC (%) 0.0 55.0 27.37 15.44

X7 Precipitation Total (mm) 5501 7945 6073 442
X8 Precipitation Summer (mm) 226 453 314 70.7

X9 Frost (number of days) 5 40 19.43 12.52
X10 Neg. Temp. (number of days) 13 163 83.29 41.88

X11 MD Temp. > 25 ◦C (number of days) 1051 1410 1294 107

Note: X1—density (number of cork oaks/ha), X2—CTC (meq/100 g), percentage of organic matter in soil horizon
A, X3—organic matter on soil horizon A (%), X4—clay and silt on soil horizon A (%), X5—pH of the soil in horizon
A, X6—clay and silt content of the soil in horizon C, X7—accumulated precipitation in the nonad of years (mm),
X8—accumulated precipitation in the summers of the nonad of years (mm), X9—number of days with frost in the
nonad of years, X10—number of days with negative temperatures in the nonad of years, X11—number of days
with an average temperature above 25 ◦C in the nonad of years.

Of the DVs, the only one without a normal distribution is ‘thickness’, while for the
IVs, the only one with a normal distribution is ‘gross income’. Tables 2 and 3 give the
correlation values, respectively, for the DVs and IVs.

Table 2. Matrix of correlations between the dependent variables. The variable gross income is
not normally distributed; therefore, correlation values between any variable and gross income are
calculated via a non-parametric test (Spearman’s ρ) while the others are calculated via a parametric
test (Person’s r).

Variable Yield (kg/ha) Thickness (mm) Price (euro/kg)

Thickness (mm)
Price (euro/kg) 0.654 ***

Gross Income (euro/ha) 0.923 *** 0.466 **
Note: Cells left blank have non-significant correlations; significance levels ** p < 0.01, *** p < 0.001.

These correlations highlight that the gross income is mainly driven by yields, but also
by price, while the price is mainly driven by the cork thickness.
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Table 3. Matrix of correlations between the independent variables. As the only variable with a normal
distribution is quality, the correlation values correspond to Spearman’s rho.

Variable X3 X4 X6 X7 X9 X10

X4 Clay and Silt HA (%) 0.377 *
X5 pH HA −0.754 **

X8 Precipitation Summer (mm) −0.439 ** 0.402 *
X9 Frost (ner of days) −0.505 **

X10 Neg. Temp. (ner of days) −0.635 ***
X11 MD Temp. > 25 ◦C (ner of days) −0.510 ** 0.476 **

Note: X3—organic matter on soil horizon A (%), X4—clay and silt on soil horizon A (%), X5—pH of the soil in
horizon A, X6—clay and silt content of the soil in horizon C, X7—accumulated precipitation in the nonad of years
(mm), X8—accumulated precipitation in the summers of the nonad of years (mm), X9—number of days with
frost in the nonad of years, X10—number of days with negative temperatures in the nonad of years, X11—number
of days with an average temperature above 25 ◦C in the nonad of years; cells left blank have non-significant
correlations; significance levels * p < 0.05, ** p < 0.01, *** p < 0.001.

3.2. The ‘Yield’ Model

A model was successfully fitted to the data (likelihood ratio χ2 = 160.54, 6 df, p < 0.001)
with Akaike’s information criterion (AIC) at 457. The parameterization of the model is
shown in Table 4.

Table 4. Parameters of the ‘yield’ model.

Parameter β SE
95% Wald CI Hypothesis Test

Lower Upper Wald χ2 df p-Value

X1 Density (trees/ha) 11.040 1.409 8.076 13.804 79.701 1 <0.001
X5 pH HA −472.814 63.853 −612.348 −361.739 63.479 1 <0.001

X6 Clay and Silt HC (%) −4.149 1.662 −7.325 −0.559 6.660 1 =0.019
X7 Precipitation Total (mm) 0.325 0.057 0.227 0.465 33.178 1 <0.001

X9 Frost (ner days) 8.147 2.348 4.096 13.195 15.712 1 =0.004
X11 MD Temp. > 25 ◦C (ner days) 0.213 0.945 1.817 43.441 1 <0.001

Note: X1—density (number of cork oaks/ha), X5—pH in soil horizon A, X6—percentage of clay and silt in
soil horizon C, X7—accumulated precipitation (mm), X9—accumulated frost (days), X11—accumulated mean
temperature > 25 ◦C (days).

The ‘yield’ could be predicted based on the significant parameters shown in Table 4
and the corresponding variable values, as described in Equation (1).

Y1 = 11.040X1 − 472.814X5 − 4.149X6 + 0.325X7 + 8.147X9 + 1.307X11 (1)

From (1), we could infer that while fixing all the other variables represented in the
model, the yield of cork:

• Increases by 11.04 kg/ha when the cork oak tree density per ha varies between 750
and 2250;

• Decreases by 472.814 kg/ha when the pH scale value varies between 5 and 6.4;
• Decreases by 4.149 kg/ha when the percentage value of clay and silt in the soil horizon

C varies between 0 and 55%;
• Increases by 0.325 kg/ha when the milliliters of accumulated precipitation in the

nonad of years preceding extraction of cork from the cork oak trees vary between 5501
and 7945 mm;

• Increases by 8.147 kg/ha when the days of accumulated frost in the nonad of years
preceding extraction of cork from the cork oak trees vary between 5 and 40 days;

• Increases by 1.307 kg/ha when the days with accumulated mean temperatures above
25 ◦C in the nonad of years preceding extraction of cork from the cork oak trees vary
between 1051 and 1410 days.
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3.3. The ‘Thickness’ Model

A model was successfully fitted to the data (likelihood ratio χ2 = 257.30, 7 df, p < 0.001)
with Akaike’s information criterion (AIC) at 121. The parameterization of the model is
shown in Table 5.

Table 5. Parameters of the ‘thickness’ model.

Parameter β SE
95% Wald CI Hypothesis Test

Lower Upper Wald χ2 df p-Value

X1 Density (trees/ha) −0.018 0.009 −0.035 −0.001 4.161 1 =0.044
X2 CEC (meq/100 g) 1.230 0.048 1.137 1.322 685.305 1 <0.001

X3 OM HA (%) −0.861 0.217 −1.287 −0.441 16.132 1 <0.001
X5 pH HA 2.357 0.419 1.536 3.167 32.518 1 <0.001

X6 Clay and Silt HC (%) 0.071 0.012 0.048 0.094 38.248 1 <0.001
X7 Precipitation Total (mm) 0.002 0.001 0.001 0.002 13.648 1 <0.001

X11 MD Temp. > 25 ◦C (ner days) 0.001 0.000 0.006 4.158 1 =0.044

Note: X1—density (number of cork oaks/ha), X2—CTC (meq/100 g), percentage of organic matter in soil horizon
A, X3—organic matter in soil horizon A, X5—pH in soil horizon A, X6—percentage of clay and silt in soil horizon
C, X7—accumulated precipitation (mm), X11—accumulated mean temperature > 25 ◦C (days).

The ‘thickness’ could be predicted based on the significant parameters shown in
Table 5 and the corresponding variable values, as described in Equation (2).

Y2 = −0.018X1 + 1.230X2 − 0.861X3 + 2.357X5 + 0.071X6 + 0.002X7 + 0.003X11 (2)

From (2) we could infer that while fixing all the other variables represented in the
model, the thickness (mm) of the cork extracted:

• Decreases by 0.018 mm when the cork oak tree density per ha varies between 750
and 2250;

• Increases by 1.23 mm when the value of cmolc/kg for CEC varies between 2.80
and 14.25;

• Decreases by 0.861 mm when the percentage value of organic matter in soil horizon A
varies between 0.44 and 3.43%;

• Increases by 2.357 mm when the pH scale value varies between 5 and 6.4;
• Increases by 0.071 mm when the percentage value of clay and silt in soil horizon C

varies between 0 and 55%;
• Increases by 0.002 mm when the milliliters of accumulated precipitation in the nonad

of years preceding extraction of cork from the cork oak trees vary between 5501 and
7945 mm;

• Increases by 0.003 mm when the days of accumulated mean temperatures above 25 ◦C
in the nonad of years preceding extraction of cork from the cork oak trees vary between
1051 and 1410 days.

3.4. The ‘Price’ Model

A model was successfully fitted to the data (likelihood ratio χ2 = 185.97, 4 df, p < 0.001)
with Akaike’s information criterion (AIC) at 25.95. The parameterization of the model is
shown in Table 6.

The ‘price’ could be predicted based on the significant parameters shown in Table 6
and the corresponding variable values, as described in Equation (3).

Y3 = 0.016X2 + 0.0129X5 + 0.003X6 + 0.0002X7 (3)
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Table 6. Parameters of the ‘price’ model.

Parameter β SE
95% Wald CI Hypothesis Test

Lower Upper Wald χ2 df p-Value

X2 0.016 0.007 0.003 0.028 6.361 1 =0.013
X5 pH HA 0.129 0.073 0.024 0.232 5.953 1 =0.016

X6 Clay and Silt HC (%) 0.003 0.002 1.336−4 0.006 4.239 1 =0.042
X7 Precipitation Total (mm) 0.0002 7.237−5 5.508−5 3.174−4 9.313 1 =0.003

Note: X2—CTC (meq/100 g). Percentage of organic matter in soil horizon A. X5—pH in soil horizon A.
X6—percentage of clay and silt in soil horizon C. X7—accumulated precipitation (mm).

From (3), we could infer that while fixing all the other variables represented in the
model, the price of the cork extracted (euro/kg):

• Increases by EUR 0.016/kg when the value of cmolc/kg for CEC varies between 2.80
and 14.25;

• Increases by EUR 0.0129/kg when the pH scale value varies between 5 and 6.4;
• Increases by EUR 0.003/kg when the percentage value of clay and silt in soil horizon

C varies between 0 and 55%;
• Increases by EUR 0.0002/kg when the milliliters of accumulated precipitation in the

nonad of years preceding extraction of cork from the cork oak trees vary between 5501
and 7945 mm.

3.5. The ‘Gross Income’ Model

A model was successfully fitted to the data (likelihood ratio χ2 = 135.00, 4 df, p < 0.001)
with Akaike’s information criterion (AIC) at 530. The parameterization of the model is
shown in Table 7.

Table 7. Parameters of the ‘gross income’ model.

Parameter β SE
95% Wald CI Hypothesis Test

Lower Upper Wald χ2 df p-Value

X1 Density (trees/ha) 24.703 3.011 19.389 31.086 52.740 1 <0.001
X5 pH HA −662.798 160.582 −969.540 −325.127 19.245 1 <0.001

X7 Precipitation Total (mm) 0.579 0.126 0.282 0.799 14.325 1 <0.001
X11 MD Temp. > 25 ◦C (ner days) 0.567 0.600 2.852 8.511 1 <0.01

Note: X1—density (number of cork oaks/ha), X5—pH in soil horizon A, X7—accumulated precipitation (mm),
X11—accumulated mean.

The ‘gross income’ could be predicted based on the significant parameters shown in
Table 7 and the corresponding variable values, as described in Equation (4).

Y4 = 24.703X1 − 662.798X5 + 0.579X7 + 1.559X11 (4)

From (4), we could infer that while fixing all the other variables represented in the
model, the ‘gross income’ (euro/ha):

• Increases by EUR 24.703/ha when the cork oak tree density per ha varies between 750
and 2250;

• Decreases by EUR 662.798/ha when the pH scale value varies between 5 and 6.4;
• Increases by EUR 0.579/ha when the milliliters of accumulated precipitation in the

nonad of years preceding extraction of cork from the cork oak trees vary between 5501
and 7945 mm;

• Increases EUR by 1.559/ha when the days of accumulated mean temperatures above
25 ◦C in the nonad of years preceding extraction of cork from the cork oak trees vary
between 1051 and 1410 days.
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4. Discussion

Within the density range of the present study (20–100 trees/ha), and according to our
models, an increase in tree density results in higher yields and gross incomes, despite a
lower cork thickness.

Corona et al. [45] conducted a study in Sardinia, Italy, and found a positive correlation
between the mass of cork produced and the number of trees in a stand (for stands with
densities between 350 and 800 trees/ha). The authors also discovered that the density
(within the studied range) does not affect cork mass production per tree. Therefore, if cork
mass production per tree is not affected at these densities, within the range of densities
observed in our study, we can expect the same. As a result, an increase in yields, and
consequently gross income, is justified.

Fonseca et al. [46] utilized self-thinning dynamics to estimate optimum cork oak
densities in Portugal and found that the current densities of Portuguese montado are not a
limiting factor for yields. However, should the goal of a montado be cork production only,
the authors argue that increasing densities should be considered. Therefore, within the
low-density range of the sample used in the present study (20–100 trees/ha), our models
show that higher densities result in increased cork yields and cork gross income per hectare.

Arosa et al. [47] argued that low densities in the Portuguese montados are not due
to management with that purpose. The authors concluded that this is a result of high
densities of livestock and ploughing, as these do not allow natural regeneration. Decreasing
livestock densities and spacing soil work with a minimum of five years would allow natural
regeneration. Protecting regenerating trees from both mechanical work and grazing animals
would also be important to allow the densification of trees [42,48].

Our models show that yield and gross income decrease with the pH, while cork
thickness and price increase with the pH. The cork oak is considered an acidophilous tree,
occurring in siliceous soils and showing intolerance to high-pH and therefore silt-rich
soils. Cork oak thrives in soils with a pH between 4.7 and 6.5 [49]. The pH of the soils
in the present study ranged between 5 and 6.4 (within the announced tolerance interval),
explaining the results. It is also known that cork oak has the unusual ability to decrease the
soil pH around the rhizosphere [49]. The uptake of calcium in addition to the leaching of
other alkaline cations is the mechanism responsible for a decrease in pH from bottom to top
in cork oak forest soils [49,50]. The cork thickness model is negatively affected by higher
levels of OM in soil horizon A. Pestana and Gomes [51] found that soils with richer organic
matter and a higher cation exchange capacity correlate negatively with cork thickness,
which is corroborated by our results.

Despite the increase in yield, according to our models, lowering the pH may result in
a lower thickness of cork. The result agrees with that obtained by Pestana and Gomes [51],
who found a positive correlation between the caliber of cork and the quantities of calcium
available in the soil, and therefore, higher pHs (within the acidic range). Nevertheless,
within the pH range of our study, a higher pH has been shown to favor price but not gross
income. Such a fact may be explained by the higher yields obtained at lower pH values
in the range of our study (5.4 to 6). Cork thickness and density may also be affected by
intraspecific competition, with higher competition resulting in a lower caliber and higher
cork density [52]. The results also agree with those obtained by Pestana and Gomes [51],
where a higher porosity was also found in cork produced in soils richer in alkaline cations,
mainly magnesium, and therefore, with higher pHs. The decrease in yield is, however, the
main predictor for a decrease in gross income in soils with higher pH values.

Our models show that a higher percentage of clay and silt in horizon C of the soil
relates to lower yields, thicker cork, and higher prices.

The cork oak prefers loamy to sandy soils, with good aeration, no compaction, and
therefore good drainage [49,53]. Climate change has brought more frequent droughts and
episodes of severe precipitation, which has been pointed out as a reason for some decline
in cork oaks in areas more susceptible to floods. Root infection with the fungi Phytophthora
cinnamomic is used to explain this maladaptation [53]. A higher percentage of clay and silt
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in soil horizon C is associated with poorer permeability, which may explain the decrease in
yields observed in our model. Particularly in our study, when we found up to 55% clay
and silt in soil horizon C, our models showed that loss of yield was compensated for by
thicker cork and therefore a better price. This argument is also supported by the fact that
our models showed higher values of CEC to be related to greater cork thicknesses and
higher prices.

According to our models, more accumulated precipitation in the nonad or years
preceding the extraction of cork correlates with a higher yield, thicker cork, higher prices,
and higher gross income. Despite disliking poor drainage and resisting periodic draughts,
cork oaks benefit very much from regular precipitation, and cork growth has shown
synchrony with accumulated precipitation [54]. Spring cork oak growth is favored when
there is winter rain, and autumn growth when there is summer rain [55]. Precipitation in
winter and spring (November to June) is highly relevant for cork growth, and summer
precipitation also has some importance [54]. Years of drought or lower-than-average winter
rainfall have a negative influence on cork oak growth and need to be considered when
estimating yields and quality [56].

The fitted models showed that concerning the accumulated number of days with
mean temperatures above 25 ◦C in the nonad of years preceding extraction, the higher the
accumulation, the higher the yield, thickness, and gross income. The cork oak is a tree
that thrives in the Mediterranean climate with hot summers and mild winters and that
handles elevated temperatures very well [57]. The tree possesses several anatomical and
physiological adaptations spanning from the capacity to control evapotranspiration through
leaf stomata [58] to the capacity to obtain moisture from a deep rooting system [37,59]. It is
also known that the growth of new leaves in cork oaks occurs with elevated temperatures in
the summer, especially if there is moisture available in reach of the rooting system [60–62].
Cork growth is dependent on the warmer summer temperatures, and during this season,
only severe drought or superficial rooting systems are limiting factors [63], as stomatal
closure, leaf osmotic adjustment, and deep-water uptake adjust evapotranspiration [60].
High temperatures in June are correlated with cork oak radial growth [55].

Finally, the last studied fact affecting yield is the accumulated number of days with
frost in the nonad or years preceding extraction, with a higher accumulated number of
days associated with a higher yield. The cork oak is a tree that dislikes freezing temper-
atures. Light-energy harvesting is limited by low temperatures because of the reduced
photochemical efficiency of photosystem II [64], limiting, therefore, photosynthesis. As
such, this result is difficult to explain and may result from the interaction of other variables
not considered in this model.

5. Conclusions

The fitted models reveal the intricate relationship between the edaphoclimatic factors
with an influence on cork oak yield, thickness, price, and gross income. Higher tree
densities within the studied range lead to increased yields and gross incomes despite
thinner cork. Soil pH plays a critical role, with a lower pH associated with higher yields
but potentially thinner cork. The presence of clay and silt in soil horizon C influences yield,
thickness, price, and gross income, highlighting the complex effect of soil composition on
cork oak productivity. Climatic factors such as precipitation and temperature significantly
impact cork oak growth and yield, with warmer temperatures and adequate moisture
favoring higher yields and thicker cork. However, the influence of frost days on yield
warrants further investigation. Understanding these multifaceted relationships is crucial
for optimizing cork oak management practices and ensuring sustainable cork production
under the current circumstances of climate change.

Soon, cork trees may face numerous challenges, including prolonged droughts and
concentrated rainfall, an issue in itself, as cork oaks are sensitive to excess water. The
Alentejo region, a lowland area without significant elevations, contrasts with northern
regions like Beiras, which have steeper terrains and poorer, often rocky soils. These differ-
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ences greatly impact the suitability of cork oaks in the area, making the relocation of this
species to northern Portugal, to the extent existing in the south, challenging. Additionally,
while climate change advances rapidly, ecological adaptation cannot keep pace. Even if
cork oak forests could be shifted northward, several critical factors remain, such as the
lengthy growth cycle of cork oaks, which require up to 40 years before the first cork can
be harvested. Furthermore, the local human and ecological heritage associated with these
forests is deeply rooted and would be nearly impossible to transfer.
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