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Natural regeneration of cork oak forests under climate change: a case study in Portugal
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The sustainability of forest species is directly related to the success of stand regeneration. Assuring success is particularly critical in stands where perpetuity relies on natural regeneration, as is often the case with cork oak forests. However, 59% of the stand in Portugal have no natural regeneration, and climate change could further worsen the sustainability of the system. The study summarizes the factors that affect the natural regeneration of cork oak (Quercus suber L.) based on current knowledge and presents a case study on a forest in Northeast Portugal, where the natural regeneration of Quercus suber under the effect of climate change have been monitored and analyzed. The present work focuses on the effect of stand density, i.e., tree cover, on the production of acorns, the establishment and survival of seedlings, and the impact of the summer season on seedling mortality. The monitoring was carried out in February, June, September 2022, and January 2023 in two stands with distinct stand canopy cover, when the region was under extreme drought. Data analysis was performed using the analysis of variance for repeated measures and the Mann–Whitney-Wilcoxon test. The study showed that cork oak regeneration is influenced by stand density, which promoted the establishment success and survival of natural regeneration in a period of reduced precipitation, despite possible competition for water resources. The mean number of seedlings differed significantly between the two stands. However, there were no significant differences in the mean number of seedlings throughout the field measurements. Additionally, the percentage of dead seedlings was low even after the summer season (9.5% of the total seedlings) in the denser stand. These results indicate that high canopy cover can have a protective effect for extreme climatic events and should be considered in forestry management to promote regeneration of the cork oak forests.
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1 Introduction

The cork oak (Quercus suber L.) is a forest species naturally present in the Western Mediterranean region (Natividade, 1990; EUFORGEN, 2023), with the largest area of occupation in the Iberian Peninsula and Northern Africa. Over half (63%) of the Iberian Peninsula’s cork oaks are in mainland Portugal (ICNF, 2019; MITECO, 2020).

The cork oak is considered a species of high ecological, economic, and social value (Bugalho et al., 2011). From an environmental perspective, cork oak forests as well as the silvopastoral and agrosilvopastoral systems (the latter known as montado in Portuguese and dehesa in Spanish) are habitats with rich diversity in flora and fauna. These systems play an important role in carbon sequestration, hydrological cycle regulation, improvement of water quality, and soil conservation and preservation (Ribeiro et al., 2010; APCOR, 2019; Ribeiro et al., 2020). In addition, in 1992, the cork oak and holm oak habitats were recognized as ecosystems of high European ecological interest. They were included in directive 92/43/CEE as habitats to be preserved, along with associated wild fauna and flora. The cork oak has a high economic value due to the cork being highly valued mainly to produce stoppers (APCOR, 2016, 2019).

The Portuguese National Forest Inventory (NFI6) highlights cork oak as one of the most represented species, occupying 720,000 ha and representing 23% of the Portuguese forested area (ICNF, 2019). According to MITECO (2020), the cork oak occupies 269,377 ha in Spain. These data result in a value of about one million ha for the Iberian Peninsula.

The cork oak forest’s sustainability has been threatened (Ribeiro et al., 2004; Sousa et al., 2007; Fonseca and Martins, 2015; Ibáñez et al., 2017) by several abiotic, biotic, and human-driven factors that have contributed to the decline of this species (Perez et al., 1993; Ribeiro et al., 2010; Godinho et al., 2016). Among the abiotic factors, drought is the foremost contributor to cork oak mortality (Sousa et al., 2007; Camilo-Alves et al., 2017). On the other hand, excessive rainfall associated with compact soils can facilitate the dissemination of fungal diseases (Perez et al., 1993), as is the case of Phytophthora cinnamomi. This disease is one of the major biotic threats to the species, accelerating the decline of the cork oak (Camilo-Alves et al., 2013). Changes in the management practices associated with the application of the EU Common Agricultural Policy (CAP) promoted mechanization and the intensification of the livestock, generalizing the use of disc harrowing for both scrub vegetation control and pasture management (Ribeiro et al., 2010, 2020). These changes are contributing to the system’s decline. In addition, disc harrowing contributes to soil degradation by loss of organic matter and soil compaction, disturbing carbon, nutrient, and water cycles. It greatly impacts tree root systems and destroys saplings. All the referred factors, combined with herbivory impacts on the young trees and saplings, drive the system to rapid degradation compromising its sustainability (Ribeiro et al., 2012; Godinho et al., 2016).

Several studies in the Iberian Peninsula and North Africa also mentioned the cork oak’s lack of natural regeneration (Montero et al., 1989, 1994; Pérez-Ramos and Marañón, 2005; Acácio et al., 2007; Duarte, 2008; Jdaidi et al., 2017; Mundet et al., 2018; Ritsche et al., 2021; Laaribya, 2023; Sobehi et al., 2023). In general, failures in the natural regeneration of cork oak are essentially due to seed predation and grazing by domestic and wild animals (Herrera, 1995; Pérez-Ramos et al., 2004; Acácio et al., 2007; Pérez-Ramos et al., 2007), summer drought (Gómez-Aparicio et al., 2008; Pérez-Ramos et al., 2012; Arosa et al., 2015), soil degradation (Sousa et al., 2007), and cork oak decline (Ribeiro and Surový, 2008; Fonseca and Martins, 2015), resulting from the effect of more than one factor. The health of mature cork oaks may also limit the natural regeneration of the species (Sousa et al., 2007). According to current scientific knowledge, Tables 1–3 summarize the factors that intervene positively and negatively in the regeneration phases (seeding, germination and seedling survival, and development).



TABLE 1 Factors that influence the natural regeneration of Quercus suber. Phase: seeding.
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TABLE 2 Factors that influence the natural regeneration of Quercus suber. Phase: germination.
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TABLE 3 Factors that influence the natural regeneration of Quercus suber. Phase: seedling survival and development.
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Most research on the natural regeneration of cork oaks has been carried out in montado forest systems, with limited information available for cork oak forests that do not have an agricultural and/or pastoral component. On the other hand, it should be noted that the expected effects of climate change are already underway, namely reduced precipitation, and increased temperatures and heat waves during the most vulnerable season for plants, the summer. Therefore, of particular interest is understanding how stand density influences the establishment and survival of seedlings in these cork oak forests, considering that high tree density can have two opposite effects, either increasing seedling mortality due to competition for increasingly scarce water resources, or, on the other hand, increasing survival due to the protective effect of stable microclimatic conditions. In Portugal, the natural cork oak regeneration areas are about 13,600 ha, following a decreasing trend, losing 3,800 ha between 2005 and 2015 (ICNF, 2019). The same source states that more than half of the cork oak stands in mainland Portugal (59%) have no natural regeneration, with only a tiny part showing dense regeneration. This study aims to discern the effect of canopy cover on regeneration survival at distinct development stages (acorns and seedlings) over seasons. In light of the study’s objectives, the authors formulated the following research hypotheses: (a) the summer season’s climatic conditions—high temperatures and water deficit – adversely affect cork oak seedlings survival, resulting in increased mortality; (b) canopy cover gives a protective effect against extreme weather conditions, promoting cork oak regeneration establishment.



2 Materials and methods


2.1 Study area

The study area is near the village of Brunhoso (ETRS89 PT TM06 geographic coordinates: 112706.54; 187665.25), in the municipality of “Mogadouro”, in Northeast Portugal (Figure 1).
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FIGURE 1
 Location of the study area, the stands and plots.


In the region of Trás-os-Montes, where the study area is located at an altitude of around 600 m, the climate is temperate (IPMA, 2023f). Between 1971 and 2000, the mean annual temperature varied from 10.2°C to 11.5°C, with an average temperature of 10.9°C. Furthermore, an accumulated mean annual precipitation of 1,010 mm was observed during the same period. In a climate change scenario to the region, it is expected that mean annual temperature increases and annual precipitation decreases, increasing the number of days in the dry season and the number of heat waves (IPMA, 2023g). The monitoring year (2022) was considered the hottest year in mainland Portugal since 1931, characterized by an extremely hot and very dry summer, a very hot and rainy autumn, a very hot and dry winter, and a very hot and dry spring (IPMA, 2023a). The average minimum and maximum temperature and total precipitation recorded in the measurement months (February, June, September 2022, and January 2023) at the weather station in the district capital of Bragança (IPMA, 2023b,c,d,e), to which the study area belongs, are shown in Table 4.



TABLE 4 The average minimum and maximum temperature (°C) and total precipitation (mm) recorded in the measurement months (February, June, September 2022, and January 2023) at the weather station in the district capital of Bragança.
[image: Table4]

Soils are classified as dystric and umbric leptosols in Trás-os-Montes region (Agroconsultores and Coba, 1991).

Shrub and grassland are the most representative land uses in the Trás-os-Montes region (41%), followed by agriculture (29.8%) and forest (26.1%) (ICNF, 2019). Several oak species, chestnut, maritime pine, and other broadleaves and coniferous are considered the most abundant forest species in the region. Cork oak forests occupy 14,560 ha, representing 10.1% of the region’s forest area (ICNF, 2019).

The study area is part of a private forest dominated by cork oaks, exploited for cork (9-year harvest cycle). The overstory is dominated by herbaceous plants, Cistus spp. and Lavandula spp., and to a lesser extent, seedlings of Q. faginea and Q. rotundifolia.



2.2 Methodology


2.2.1 Experimental design

As part of the ForManRisk project,1 a pilot cork oak stand was selected (Figure 1) as a basis for the study. In the same municipality, a forest stand with similar climatic characteristics, exposure, and slope (Table 5) but a distinct stand canopy cover (Table 5) was selected for comparison and testing purposes. Both stands, hereafter named A and B, were mature stands. According to information provided by the owner, the oldest trees in the stands are currently, at least, 74 years old. Stand A and stand B occupy 20.5 ha and 35.9 ha, respectively. In each stand two permanent circular plots of 500 m2, designated by A1, A2, and B1, B2, located 50 m apart, were installed for dendrometric stand characterisation and accounting for variability (Figure 1).



TABLE 5 Dendrometric characterisation of the stands and average tree size (standard deviation, SD).
[image: Table5]

At the beginning of the study (February 2022), in each plot, tree measurements of the diameter at breast height (d), total height (h), height at the base of the crown (hbc), and crown radius (crd) were carried out for living trees with a minimum height of 1.30 m. The d was measured with a caliper (1 mm precision) at 1.30 m aboveground level. Total height was evaluated with a Vertex hypsometer (10 cm resolution). The four crown radii (distance between tree center and its crown margin) were measured with the hypsometer. The radii were recorded clockwise, with the first measurement defined along the steepest slope.

A cluster sampling (Krebs, 1999; Marques et al., 2018) design was implemented to study the natural regeneration dynamics inside each stand. In each circular plot of 500 m2 of area, five square plots of 4 m2 were installed, according to Figure 2.

[image: Figure 2]

FIGURE 2
 Sampling design in the experimental essay.


Square plots to assess natural regeneration have already been used in several studies with the same purposes (Figueira, 2012; Dias et al., 2016; Ritsche et al., 2021). The 4 m2 square plots were divided with a wire into four 1 m2 subplots, the same sampling unit used in Ritsche et al. (2021). Cork oak natural regeneration were assessed in 20 subplots per 500 m2 plots, i.e., in 40 subplots per stand and 80 in total. The number of acorns, the number of plants per height class (h ≤ 10 cm; 10 < h ≤ 30 cm; h > 30 cm), and the number of dead plants were recorded in each subplot. In the square plots located in the center of the circular plots (square plot 1 – Figure 2) or in the square plots with higher densities of cork oak natural regeneration, h, and basal diameter (d0.10) of seedlings, and the number of germinated and ungerminated acorns were also assessed. Seedling mortality was assumed whenever the seedling disappeared or was dry (Acácio et al., 2007) and could not be resprouting. The cork oak natural regeneration was monitored in February, June, September 2022, and January 2023.

The density of the cork oak natural regeneration was estimated based on the number of individuals per unit of the sampled area (Pausas et al., 2006; Maltez-Mouro et al., 2007; Figueira, 2012; Ritsche et al., 2021).



2.2.2 Data processing and statistical analysis

The tree canopy area (ac) was calculated using the average of the four crown radii evaluated in the field. Stand canopy area (Ac) was calculated as the sum of the canopy area of the individual trees. Stand canopy cover (Cc) was the proportion of the stand covered by the vertical projection of the tree crowns. In addition, the horizontal structure of stands based on the distribution of the number of individuals per diameter class (range 5 cm) was analyzed.

The stand density was evaluated as stem number of living trees with a minimum height of 1.30 m (N, trees ha−1), basal area (G, m2 ha−1), and Stand Density Index (SDI, %) defined by Reineke (1933). The SDI can be interpreted as the maximum expected stand number of trees (N, trees ha−1) when its quadratic mean diameter (dg, cm) is 25 cm. The SDI assumes that the variation in the number of trees is proportional to their diameter growth. The self-thinning line used in the SDI calculation for cork oak is based on the research conducted by Fonseca et al. (2017).

Statistical analysis were performed with the IBM SPSS Statistics 25 software (Marôco, 2014). Differences in the number of acorns, seedlings, and mortality between stands A and B were analyzed using the non-parametric Wilcoxon-Mann–Whitney test (Hair et al., 2009). The analysis was performed considering the data of the ten plots of 4 m2 (five in each of the 500 m2 plots) per stand for each field measurement. Repeated measures ANOVA was used to assess the existence of significant differences between the means of the total number of seedlings in stand A over the field measurements (Hair et al., 2009). The data followed a normal distribution.





3 Results

This section briefly presents the dendrometric evaluations’ results and the cork oak’s natural regeneration.

Stand A faces North with 24° slope, while stand B faces Northwest with 19° slope. The stand density and canopy area were higher in stand A (N = 600 trees ha−1; G = 26.2 m2 ha−1; SDI = 75%; Ac = 847.25 m2; Cc = 84.7%) compared with stand B (N = 260 trees ha−1; G = 6.0 m2 ha−1; SDI = 20%; Ac = 239.59 m2; Cc = 24%). Stand A is occupied by trees with higher values of d, h, hbc, and ac and has higher dg. The values were calculated based on the total number of living trees observed in the two plots of each stand, 60 and 26 trees, respectively (Table 5). Although the values are higher in stand A, the standard deviation is also higher than in stand B, showing greater variability of dimensions in the former (Table 5).

Figure 3 shows the horizontal structure of stands A and B based on the distribution of the number of trees per diameter class (range 5 cm). The d values represent the diameter classes, and on the x-axis are presented the central values of the diameter classes.

[image: Figure 3]

FIGURE 3
 Diameter distribution of stands A and B.


Stands A and B present an uneven-aged structure with a distribution of trees over a wide diameter range with the dominance of trees in smaller diameter classes (Figure 3). The 5 cm class corresponds to the modal class in both stands, with a higher value in stand A. In addition to the high number of trees in small diameter classes, stand A also has trees in diameter classes above 55 cm.

The mean and standard deviation of the variables (number of acorns, number of seedlings per height class, number of seedlings and seedling mortality) recorded in the sets of the ten 4 m2 plots installed in each stand, i.e., five plots of 4 m2 in each circular plot (A1, A2, B1, and B2) in the four assessments are presented in Table 6.



TABLE 6 Mean (± standard deviation) values of the number of acorns, number of seedlings per height class, number of seedlings and mortality of seedlings per field measurement and stand.
[image: Table6]

The highest mean values for acorns and seedlings of cork oak were observed in stand A, mainly in February and June 2022 (Table 6). The field measurement with the lowest mean number of acorns was September (after the summer season) in both stands. In stand A, the mean number of acorns was 7.5/4 m2, while in stand B was null. In stand A, the mean number of acorns decreased by 28% from February to June and 62% from June to September, with an increase of 20% from September to January. The same pattern was observed in stand B. The decrease in the mean number of acorns during the field measurement was not proportional to the increase in the mean number of seedlings, being the decrease in the mean number of acorns was greater than the increase in seedlings (Table 6). The highest mean number of seedlings was observed in June in stand A (22.8/4 m2). The lowest mean number of seedlings was recorded in February 2022 and January 2023. Seedling mortality was higher in September and January. In stand A, the mean number of dead seedlings was 2.2/4 m2 in September (corresponding to 9.5% of the total seedlings) and 0.6/4 m2 in January 2023 (3% of the total seedlings). Stand B, showed a low mean number of seedlings, 0.1/4 m2 and 0.6/4 m2 respectively, in February and June, with no observation of dead seedlings; and in September and January (Table 6) it was observed a mean number of alive of 0.2/4 m2 and dead seedlings of 0.2/4 m2.

The highest mean number of seedlings with heights ≤10 cm were recorded in both stands in June 2022 and the highest mean number of seedlings with heights above 30 cm in January (Table 6).

The results of the Wilcoxon-Mann–Whitney test to evaluate if there are significant differences between the two groups, stand A and stand B, for each field measurement can be observed in Table 7. The mean number of acorns differed statistically between the two stands in field measurements taken in February, June, and September (p < 0.05) and showed a trend towards difference in January 2023 (p = 0.051) (Table 7). In addition, it is observed that the mean rank of acorns is superior in stand A. We can conclude that the number of acorns in stand A is greater than the number of acorns in stand B.



TABLE 7 Results of the Wilcoxon-Mann–Whitney.
[image: Table7]

The mean number of seedlings, regardless of their height, was statistically different for the two stands in four field measurements (p < 0.05) and all values are greater in stand A.

No statistically significant differences in seedling mortality were found between stands (p > 0.05) in any of the measurements (Table 7).

The results of the Repeated Measures ANOVA for stand A are presented in Table 8. The Mauchly test was performed, and sphericity of the field measurements is violated (p-value = 0.000). In the Within-Subjects Effects test, the F-value (0.520) of the Greenhouse–Geisser epsilon (more robust for small samples) and the significance value show that there are no differences between the means of the total number of seedlings over the course of field measurements (Table 8).



TABLE 8 Results of the tests of Within-Subjects effects: living seedlings in stand A.
[image: Table8]



4 Discussion

Stand A has a higher density than stand B. Based on the researched by Fonseca et al. (2017) stand A is in the self-thinning line (SDI = 75%), while stand B has an occupation of 20% under the on-set of competition (initial crown closure) (Long, 1985). Stand A has trees distributed over an extensive range of diameters, with trees in the 60 cm class and upper. On the other hand, stand B has trees distributed predominantly in diameter classes of smaller dimensions. The gaps observed in some diameter classes (20, 40, and 50 cm in stand A, and 30 cm in stand B) might reflect the existence of groups of trees of different ages.

Stand A, a denser stand with higher canopy cover showed overall a greater availability of acorns on the ground and seedlings than stand B. The lower acorn availability in stand B may be due to a lower tree density (Acácio et al., 2007). The results obtained in this study for cork oak forest systems in Northern Portugal are in accordance with trends reported in southern Portugal (Algarve and Alentejo provinces) and in the North subdivision of the Central plateau of the Iberian Peninsula (Salamanca province), where dense stands have shown a greater supply of acorns and a higher density of seedlings (Acácio et al., 2007; Montero-Muñoz et al., 2021; Ritsche et al., 2021).

Higher acorn availability was observed in February, and a recovery in acorn numbers was visible in January after a scenario of a decrease. The trend may be explained by the highest seed production typically occurring in November and December (Natividade, 1990; Reis, 1998). In addition, the decrease in acorns observed in the study area could also have been due to predation and/or grazing, as evidenced in some studies such as Herrera (1995), Pérez-Ramos et al. (2004), Acácio et al. (2007), Pérez-Ramos et al. (2008), Arosa et al. (2015), and Sanches (2016). The number of seedlings was higher in June due to the germination of the acorns, which find conditions favorable in terms of temperature and soil humidity and moisture in April–May (Arosa et al., 2015).

More dead seedlings were found in September, after the dry summer season. This result confirms the initial hypothesis that high temperatures and drought during summer negatively influences cork oak seedlings by increasing their mortality. Moreover, our results are in line with what has already been observed in some studies in the Iberian Peninsula, where high rates of seedling mortality due to water stress have been recorded (Acácio et al., 2007; Mechergui et al., 2021), especially during the summer (Herrera, 1995; Marañón et al., 2004; Gómez-Aparicio et al., 2008; Pérez-Ramos et al., 2008, 2012; Pausas et al., 2009a; Arosa et al., 2015). Competition between the seedlings for water and nutrients, or poorly developed roots in depth, soil ploughing or harrowing and frequent shrub clearance, and others, may be some of the causes of mortality (see Table 3). However, mortality in stand A was very reduced (10%) compared to living seedlings, and no significant differences were observed between the mean of the total number of seedlings over the course of field measurements. This indicates the protective effect of high density and canopy cover in seedlings survival. Although this stand is above the lower limit of self-thinning (Long, 1985; Fonseca et al., 2017), it is within the density range of 50–75%, which is considered the appropriate range to promote sowing (Nsibi et al., 2006) and the establishment of cork oak seedlings (Boussaidi et al., 2010). Several researchers point out that dense stands can protect seedlings from direct radiation, retain soil moisture, and decrease the impact of summer droughts (Acácio et al., 2007; Plieninger et al., 2010; Arosa et al., 2015). In addition, shade is considered necessary for the survival of young cork oak plants (Costa and Pereira, 2007a; Pausas et al., 2009a), especially in the first years (Pausas et al., 2009a). Our results align with the formulated study hypothesis that cork oak regeneration depends on stand canopy cover that influences the success of the establishment and survival of the natural regeneration of the species. In the context of climate change, our results are of great importance as a large reduction in precipitation and an increase in the number of heat waves have already been recorded for the study period. Severe to extreme drought was observed between January to September 2022 (IPMA, 2023a), where the percentage of water in the soil down to 100 cm deep relatively to water available to plants varied between 20 to 10% in the region, less than 10% during winter and near wilting point in summer (IPMA, 2023a). Adult trees can access deep-water resources, but new emerging seedlings do not have their root system deeply developed and depend on superficial soil water. It is very significant that the majority of plants have managed to survive in these extreme conditions, which may indicate that the effects of climate change can be mitigated through tree cover. It is also worth mentioning that, in addition to the protective effect that tree cover provides in a more general way, cork oaks have the ability to perform hydraulic lift, bringing water from depth to the more superficial soil layers (Kurz-Besson et al., 2006), which can facilitate seedlings survival. This work highlights the importance of dense canopy cover in seedlings survival to extreme droughts, despite possible competition for water resources, a result that should be considered into forestry management.

Although the study is geographically confined, with only two plots per stand in one region of Portugal, the variability of natural regeneration was considered by installing 20 square sub-plots of 1 m2 in plots of 500 m2. The results obtained in this case study were in line with other studies and provided valuable insights into future research on cork oak regions under different edaphoclimatic conditions.



5 Conclusion

This paper focuses on discerning the protective effect of canopy cover on seedling survival at distinct developmental stages (acorns and seedlings) over seasons in cork oak forests in Northeast Portugal during a period of extreme drought. The case study confirmed the hypothesis that cork oak regeneration depends on stand density that influences the success of the establishment and survival of the natural regeneration of the species, despite possible competition for scarce water resources. Areas with denser stands exhibited a higher number of acorns and seedlings, underscoring the importance of canopy cover. Furthermore, we observed that extreme drought and heat worsened the typical summer climate, pose significant challenges to cork oak seedling survival. Stand density emerges as a key factor in mitigating these adverse effects, with denser stands and greater canopy cover showing lower seedling mortality rates. Based on this result, cork oak forest management should consider the maintenance of high canopy cover to protect natural regeneration, especially in the context of climate change, as they guarantee a greater potential seed bank and foster optimal soil temperature and moisture conditions critical for seedling growth, especially in areas exposed to high summer temperatures. Nevertheless, it should be noted that there must be a balance between the greater degree of shade provided by a denser cover, with a regularizing effect on the temperature range, and the greater competition for resources and light to which the plants will be subjected. In low-density stands with low crown cover, like stand B, sowing is recommended to ensure the perpetuity of the natural regeneration of the cork oak.

Further research should be conducted to infer the optimal canopy cover for safeguarding natural regeneration in the cork oak areas across various edaphoclimatic conditions.
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Investigation months ~ Average minimum  Average maximum  Total precipitation  References

temperature (°C) temperature (°C) (mm)
February 2022 0.8(-0.5) 14.9 (+3.8) 5.6 (—69.4)
June 2022 126 (+1.2) 27.5(+2.8) 9.4(-293)
September 2022 11.2(-03) 254(+0.8) 203 (-24.7) 2
January 2023 0.1(-0.2) 9.8(+13) 945 (~1.0)

Between parenthesis: deviation to the normal annual averages measured between 1970-2000 (
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Stand N (trees G dg SDI Ac Cc d +SD h +SD hbc +SD  ac +SD

ha™) (m? ha™) (cm) (%) (%) (cm) (m) (m) (m?)
A 600 262 26 75 8473 847 1455188 5335 18417 1414251
B 260 60 172 2 2396 2.0 1294115 38419 1007 924154

: basalarea; g quadratic mean diameter; SDI: stand density index; Ac: stand canopy area; Ce:stand canopy covers d: diameter at 1.30 height; i total height; hbc: heightat the base o the
crown; ac: tree canopy area.
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