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Regeneration and recruitment are primordial for stand sustainability. However,
natural regeneration is usually only evaluated by density and height, so no details
are provided regarding the individual traits of the saplings/seedlings. Hence, the
findings of these regeneration studies are of limited selection power in future
management. The main goal of this study was to develop a new methodology that
enables the evaluation of individual quality traits of regeneration in the early stages
of stand development so that their future potential development can be assessed.
Natural regeneration (NR) was evaluated in each field plot using the conjugation
of two new methods: first using the natural regeneration density (NRD) method
and second using the new natural regeneration tree classification (NRTC). NRTC
is composed of a set of criteria with categorical variables that allow the evaluation
of traits of individuals and their potential for future recruitment. In this classification
system, five criteria were used, namely, upper story influence to evaluate the
competition of the trees of the upper story cast on the regeneration individuals,
crown isolation to characterize the competition between saplings, height as a
surrogate of sapling development, diameter as a proxy of growth, and tree habit
as a proxy of the habit of saplings. To test both methods, we applied them in a
case study of Quercus ilex in the montado agroforestry system in Portugal, where
different degrees of crown cover coexist. Our results indicated that in 85% of the
plots with a crown cover higher than 30%, we could find good-quality natural
regeneration oak saplings suited to be recruited and located outside of the upper
story crown projection. Only 15% of the plots with a crown cover higher than 30%
were dominated by Cistus ladanifer and had almost no oak saplings. In future, we
suggest that the NRTC be used in all NR individuals in the forest inventory when
the NR density is less than 200 NR individuals ha=1.

KEYWORDS
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1. Introduction

Regeneration and recruitment are primordial for stand sustainability. Natural
regeneration can be a valuable tool to restore stands and landscapes (Chazdon and
Guariguata, 2016; Crouzeilles et al., 2020; Lohbeck et al., 2021). Nevertheless, there are not
many studies and methodologies to evaluate regeneration quality, and silviculture measures
are needed to foster it (Pausas et al,, 2009; Kohler et al., 2020). The authors have not
found any reference to a system of classification for regeneration ADD: based on qualitative
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characteristics. Most regeneration studies evaluate regeneration by
quantifying its density and height (Harmer, 2005; Acdcio et al,
2007; Barrere et al., 2021; Bolibok et al., 2021; Lof et al., 2021). The
traits of the individuals are not evaluated.

Typically, the prescription and implementation of silvicultural
practices are enforced with easy-to-assess methods. The tree
classification systems are widely used because they are easy
to implement and fast to assess. The drawback is that they
are frequently associated with the stand structure. The tree
classification systems use a set of criteria such as social status, vigor,
competition, stem traits, and damages (Assmann, 1970; Schiitz,
1990; Meadows and Skojac, 2008). These systems can be grouped
into two broad types: one for pure even-aged stands and another
for mixed- or uneven-aged stands. Examples of the former are the
tree classification systems of Assmann (1970), Meadows and Skojac
(2008), Kraft Pretzsch (2009), and English Kerr and Haufe (2011).
Examples of the latter are those of Assmann (1970) and Meadows
and Skojac (2008).

Despite the wide number of tree classification systems for forest
stands, to the authors’ best knowledge, there is no classification
system for the evaluation and monitoring of regeneration and
recruitment. In fact, most studies only use quantitative measures
(density and height) to evaluate regeneration (Long and Jones,
1996; Bonfil, 1998; Bogdziewicz et al., 2021; Martinez-Baroja et al.,
2021). Thus, the quality of the regeneration is not assessed. The
early evaluation of the quality of the regeneration individuals allows
the implementation of silvicultural practices in the early stages of
stand development. For example, the amount of browsing the oaks
suffer in the first stages of development can condition oak growth.
Browsing tends to be higher for saplings with a height lower than
or equal to 100 cm (Borkowski et al., 2017; Bolibok et al., 2021).
Detecting this event early can be particularly important in the case
of agroforestry systems where grazing occurs and the stands have
low-density, slow-growing species such as oaks in a heterogeneous
spatial distribution.

The insufficient regeneration of oaks, both in density and
development, has long been a concern all over the world (Harmer,
1994; Bobiec et al., 2018; Petersson et al., 2019). Several reasons
pinpointed the low success of the oaks regeneration, namely,
flowering, fruiting, germination, stand structure, and site (Lof et al.,
2019). Flowering, fruiting, and masting patterns are affected by
climate (especially precipitation and temperature) and determine
the fruit yield and thus the potential number of seedlings
(Bogdziewicz et al,, 2021; Clark et al., 2021). Oak acorns mature
in autumn, and as dormancy is slight, germination is determined
by the seedbed, particularly soil moisture and temperature. Thus,
germination occurs after fruit ripening (from autumn until winter),
with strong investment in the root system and emergence in the
following spring (Lof et al, 2019). Acorns are heavy seeds and
tend to fall beneath or near the seed tree. However, dispersion
by animals has also been described in several studies (Gomez,
2003; Monteiro-Henriques and Fernandes, 2018). Furthermore,
the oak saplings’ survival and development are affected by several
factors interlinked with the stand structure, namely, light, water,
competition, herbivory, and abiotic disturbances (Oliver, 2015; Lof
et al., 2019; Petersson et al., 2019; Principe et al., 2019; Martinez-
Baroja et al., 2021). It is known that oaks are shade-intolerant
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species though when young oaks can tolerate moderate shading
only in the early stages of development (Pausas et al., 2009).

The montado is an agrosilvopastoral system, with Quercus suber
and Quercus ilex as main species. The montados are multiple-use
systems, that is, in addition to the use and direct economic value
related to cork, agriculture, and livestock, and they also generate
indirect use values such as landscape, carbon sequestration,
interception, and infiltration of rainwater and maintenance of high
levels of biodiversity (Pereira et al., 2009; Moreno et al.,, 20165
Frasconietal,, 2021; Stavi et al., 2022). Similarly, to the regeneration
of other oaks in the montados, a deficit of regeneration has been
observed. In the montado, lack of regeneration can also be caused
by several interrelated management practices concerning pasture,
soil plowing, agricultural crops, and reduction in the regeneration
rate of oaks (Pinto-Correia et al., 2011; Lauw et al., 2013; Acicio
etal., 2021).

In the Mediterranean climate, water is the primordial limiting
factor for oak regeneration (Mendes et al., 2016; Grossnickle,
2018; Lof et al., 2019; Lopez-Séanchez et al.,, 2021). One of the
main challenges of the oak seedlings is to survive the first
summer drought, as observed in sites within the Mediterranean
climate regions (Pulido and Diaz, 2005; Smit et al., 2009; Garcia-
Fayos et al., 2020). In Mediterranean countries, shading from
overstorey trees can cast a better-suited environment for the
survival and growth of oak saplings since both water stress and
the temperature range are reduced with the canopy providing a
nurse effect (Badano et al., 2011; Principe et al., 2019). Shrubs can
compete with saplings for light, water, and nutrients. Nevertheless,
they provide shade, decrease water stress, reduce damage by
herbivory, and reduce vulnerability to late frost (Lof et al., 2019).
This nursing effect of the understorey has been referred to by
several authors for the regeneration of evergreen oaks (Oliver,
2015; Principe et al., 2019; Martinez-Baroja et al., 2021). These
effects are also found in many silvopastoral systems around
the world (e.g., Pantera et al., 2018; Jose et al,, 2019), such as
the montado.

The goal of this study is to develop and test a new methodology
for sampling natural regeneration that enables not only the
quantification of the number of individual saplings but also the
assessment of other parameters of quality. This methodology
will also enable the selection of the best-suited regeneration of
individuals for the target production and the implementation of
silvicultural practices in the early stages of development to enhance
their growth.

2. Materials and methods
2.1. Materials

The study site is in Ferreira do Alentejo, (central coordinates,
38°00°43.8“N and 8°03’°36.8”W) in southern inland Portugal. It
has 180 ha of holm oak (Quercus ilex) montado, grazed by a
flock of Portuguese merino sheep breed, of on average 600 sheep
corresponding to 3 sheep ha~!. Grazing occurs for 6 months
per year on average. The last soil plowing occurred more than
a decade ago. The forest area soil is predominantly of leptosols
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CCC3

FIGURE 1

31-50% CC; and CCC4, >50% CC (Credit of the author).

Example of a plot of each crown cover class (CCC). Four crown cover classes (CCC) were defined: CCC1, <10% CC; CCC2, 10-30% CC; CCC3,

CCcC4

(TUSS Working Group WRB, 2015). No fire events occurred since
1975 (ICNF, 2022). The study area elevation varies between 138
and 233 m. In the Koppen classification, Portugal is described as
a Mediterranean climate, characterized by hot, dry summers and
wet and cool winters. According to the Koppen subclassification
system, Ferreira do Alentejo is a Csa, hot summer Mediterranean.
The climate is characterized as the typical Mediterranean, with a
long dry summer where the precipitation occurs mainly between
October and April.

The montado in the study site shows high spatial variability
in density. To evaluate if regeneration was (or not) affected by
tree density, the crown cover (CC) was used to stratify the study
area. Four crown cover classes (CCC) were defined: CCC1, <10%
CC; CCC2, 10-30% CC; CCC3, 31-50% CC; and CCC4, >50%
CC (Figure 1). The study area was divided into a square grid of
2,000 m> The crown cover per grid was estimated according to
the protocol of the Portuguese National Forest Inventory (IFN5,
2005/2006). A stratified random sampling design was used to select
the sampling plots to reduce variation and increase the precision
of population estimates (Kershaw et al., 2016). Ten plots were
selected per CCC for a total of 40 plots. The coordinates of
all the vertices of each plot (corresponding to the square grid)
were determined, and a GPS RTK was used to identify them in
the field. The analysis was implemented in ArcMap 10 (ESRI,
2019).
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2.2. Methods

Natural regeneration was evaluated in each field plot (2,000
m?) using the conjugation of two methods: first using the
natural regeneration density (NRD) method and second using the
natural regeneration tree classification (NRTC). First, the natural
regeneration was evaluated for saplings with dbh of <10cm and h
of >0.5m. The natural regeneration density (NRD) was evaluated
in five classes (number of saplings per 2,000 m?): NRD1, <25
saplings; NRD2, 26-50 saplings; NRD3, 51-75 saplings; NRD4,
76-100 saplings; and NRD5, >100 saplings. NRD follows the
criteria used by the Portuguese National Forest Inventory (IFN5,
2005/2006). This method was used for all the CCC (Figure 1).

To apply the NRTC, we used a random transect inside the
plots. The starting point of the transect and the direction were
defined with a random number application (Jhelin Corporation,
2020), and it had an extension of 10m. In this case study,
the adult trees in the stand had good vitality and had
not yet reached their lifespan. Therefore, in this case study,
we opted to mark the transects outside the upper story
crown projection. In each plot, one transect was surveyed
(Figure 2).

The natural regeneration evaluation methodology was tested,
and it allowed for a quick and efficient evaluation of the NR. We
successfully sampled 40 plots using the NRD.
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2.3. Natural regeneration tree classification

In this study, a regeneration classification system focused on the
evaluation of the regeneration with an easy-to-assess methodology
was developed: the natural regeneration tree classification (NRTC).
It evaluates both the number of seedlings and saplings and a set
of traits that influence their potential development, which also
influences their production. The novel regeneration classification
system has five criteria to evaluate regeneration: upper story
influence, crown isolation, height, diameter, and tree habit
(Table 1).

The first criterion assesses the effect of the mature tree
crowns on the regeneration, which can be considered a proxy
for the competition between the trees of the main stand and the
regeneration individuals. Two classes were considered: (1) outside
the crown projection area and (2) under the crown projection area.
Oak regeneration that develops directly under the crown projection
of an adult tree can have a successful primary growth of seedlings
followed by reduced growth of saplings due to light competition
because shade tolerance decreases with the oak lifespan (Ward,
1992; Espelta et al,, 1995). It is probable that saplings growing
outside the crown projection area of an adult individual are
recruited while those under the crown are not likely to be recruited
if the adult tree is kept in the stand. Therefore, this criterion
evaluates the spatial location of the saplings and the likelihood of
their recruitment to the main stand. This criterion can be used in
two methodological approaches, according to the main objective
of each study. If the main objective of the study is to evaluate the
regeneration that will be recruited, the study can use this criterion
as a priori to only focus on the saplings that are located outside
the crown of a healthy adult tree. In this case, the sampling of the
regeneration will be done only outside the upper story influence,
and all the individual saplings will be classified as 1. If the main
objective of the study is to sample and evaluate all the regeneration
present in the stand, this criterion will be used a posteriori to
classify all the regeneration sampled according to the upper story.
In silviculture, this second approach can be useful when adult trees
are dying, or thinning is required depending on the goals of each
stand. Before starting to apply this classification, it is essential to
define the main goals of its application in each case study.

The second criterion evaluates the competition among
regeneration individuals, considering crown isolation as a proxy
of competition among saplings. This criterion is a direct
adaptation of Assmann’s classification (Assmann, 1970) that
evaluates crown isolation in the main stand. Four classes
were considered: (1) isolated crown, (2) crown in contact
with other seedlings/saplings only at one point, (3) crown
in contact with other seedlings/saplings at two points, and
(4) crown in contact with other saplings in more than
two points.

The third criterion evaluates the height of the regeneration
individuals in two classes: (1) individuals with a height between 0.5
and 1.3 m and (2) individuals with a height higher than 1.3 m. It can
be considered a surrogate of the sapling’s development. The height
of the saplings is the parameter more described in the previous
literature (Long and Jones, 1996; Harmer, 2005; Dobrowolska,
2006; Esquivel et al., 2007; Lof et al., 2021).
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Installation of the inventory plot in the
field.

Apply the Natural Regeneration
Density Method.

Define your transect:

1- Define a random direction inside your
plot.

2- Define a random number using a
method of your choice. Walk that random
number of steps defined and stop. That
point is the start of your transect. Mark
10 meters in the same direction you
walked.

Apply the Natural Regeneration Tree
Classification to all natural regeneration
individuals presente in the transect.

FIGURE 2
Natural regeneration methodology.

The fourth criterion evaluates the diameter of regeneration
individuals measured at 1.30 m, that is when the regeneration
tree can be considered installed (when it overcomes the period
of high mortality rate) (Assmann, 1970). Two classes were used:
(1) individuals with diameters of <5cm and (2) individuals with
diameters of >5 and <10 cm.

The fifth criterion is the tree habitat (Figure 3), which allows
the evaluation of its development. Using observation knowledge,
we defined three classes: (1) shrub shape, (2) low bifurcation,
and (3) saplings with the main stem. These classes are an
innovation prompted in the domain of this research that allows
for a systematic qualitative analysis of the regeneration habit.
Competition pressures during sapling development can derive
from different tree shapes. Oaks do not have a strong apical
dominance (Cline, 1997). If a seedling/sapling suffers a disturbance
such as herbivory, frost, or drought, its aerial growth can be affected
(Moller and De Lope, 1998; Zvereva et al., 2012). The aerial part
is partially or totally destroyed, and the individuals develop a
shrubby habit, which can condition the oak’s future development,
but this topic has not been extensively studied. For example, if an
oak has a shrubby or multiforked habit, one of the silvicultural
practices that can promote regeneration is to remove the aerial
part. The selection of the best one or two sprouts enables the
improvement of its traits in the short term because the poles
already have an installed root system (Natividade, 1950). When
trees suffer from herbivory of the apical meristem, it may lead to
compensatory regrowth of the apical shoot, or auxiliary shoots may
be produced (Aarssen, 1995; Bonfil, 1998). If oak trees grow in a
multiforked shape, they can be tended back to a one-stem shape by
pruning (Natividade, 1950).
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TABLE 1 Natural regeneration classification created for evaluating the
quality of the regeneration present in each plot.

Natural regeneration classification

1-Upper story influence

Outside the crown projection of an adult tree 1

Inside the crown projection of an adult tree 2

2-Degree of crown isolation

Isolated crown 1
Crown in contact with another sapling only in one point 2
Crown in contact with other saplings in two points 3
Crown in contact with other saplings in more than two points 4

3-Height (h) classes

05<h<13m 1

h>13m 2

4-Diameter classes

dbh < 5cm 1
5cm < dbh < 10cm 2
5-Tree habit

Shrub shape 1
Low bifurcation 2
Sapling with one main stem 3

This natural regeneration tree classification (NRTC) can be
expressed as an index, corresponding to a number of five digits:

INRTC = 10000  (upper storey influence) + 1000
(degree of crown isolation) 4 100 * (height class) +
10 % (diameter class) + (tree habit)

This index should be read as a label for the characteristics of
each sapling and should be interpreted without losing information.
The criteria used in this NRTC index are especially relevant when
studying oaks and other tree species that have long production
cycles and a lower number of established individuals of natural
regeneration. Furthermore, the silviculture practices needed in each
case differ according to whether the sapling has a shrub shape,
only one main stem, or if they are isolated or surrounded by other
saplings. The NRTC index results should be analyzed per plot and
considering the characteristics of the stand as well as the ecological
conditions of the site. In addition, when using the NRTC index on a
large scale, it is easy to filter the results by selecting individuals with
similar characteristics in a database.

For example, a sapling with an index of 12113 corresponds
to a sapling with the following characteristics: outside the crown
projection of an adult tree, crown in contact with another sapling
only at one point, height between 0.5 and 1.3 m, diameter of <5 cm,
and one main stem. Other examples are presented in Table 2.
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FIGURE 3

Tree habitat: illustration of the fifth criterion of the NR classification:
(A) low bifurcation, (B) shrub shape, and (C) tree shape (Credit of the
author).

2.4. Statistical analysis

To evaluate the effect of crown cover on regeneration for the
NRD, the analysis of variance was performed with non-parametric
statistical tests, as data did not meet the normal distribution criteria
(evaluated with the Shapiro-Wilk normality test). The Kruskal-
Wallis and Mann-Whitney U tests were used, with a level of
significance of 0.05. A descriptive statistical analysis was used to
study the NRTC results, making use of frequencies, percentages,
and histograms. The analysis was implemented in SPSS Statistics
version 21.0 (IBM, 2016).

3. Results

The results of NRD showed that CCC1 had the lowest density
of saplings, mostly in NRDI, that is, from 0 to 25 saplings per
plot. CCC2 and CCC3 had the highest number of plots with 25-
50 saplings per plot (NRD2), and their variability was high. Only
CCC4 had plots with several saplings higher than 100 individuals
per plot (NRD4). There was a trend toward a higher density of
saplings in plots with a higher crown cover (Figure 4). In fact, there
were significant differences between the four CCC (KW = 21.22, p
< 0.05). Significant differences were found between the two CCC
with the lower crown cover and the CCC with the highest crown
cover (CCC1/CCC4 U =5.5,p < 0.05 and CCC2/CCC4 U = 10.00,
p < 0.05).
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TABLE 2 Examples of NRTC for Quercus ilex with all saplings outside the crown projection of an adult tree.

Tree number NRTC index Observations

1 11113 Sapling growing outside the crown projection of an adult tree, isolated crown, height between 0.5 and 1.3 m, diameter
<5 cm, with one main stem

2 12222 Sapling growing outside the crown projection of an adult tree, crown in contact with another sapling at one point, height
>1.3 m, diameter between 5 and 10 cm, with stem with low bifurcation

3 11111 Sapling growing outside the crown projection of an adult tree, isolated crown, height between 0.5 and 1.3 m, diameter
<5 cm, with shrub shape

4 12223 Sapling growing outside the crown projection of an adult tree, crown in contact with another sapling at one point, height
>1.3 m, diameter between 5 and 10 cm, with one main stem

5 13223 Sapling growing outside the crown projection of an adult tree, crown in contact with another sapling at two points, height
>1.3m, diameter between 5 and 10 cm, with one main stem

6 12213 Sapling growing outside the crown projection of an adult tree, crown in contact with another sapling at one point, height
>1.3m, diameter <5 cm, with one main stem

7 11223 Sapling growing outside the crown projection of an adult tree, isolated crown, height >1.3 m, diameter between 5 and
10 cm, with one main stem

8 13221 Sapling growing outside the crown projection of an adult tree, crown in contact with another sapling at two points, height
>1.3 m, diameter between 5 and 10 cm, with shrub shape

9 11123 Sapling growing outside the crown projection of an adult tree, isolated crown, height between 0.5 and 1.3 m, diameter
between 5 and 10 cm, with one main stem

Trees were numbered according to their position in the transect.

NRD
M1
10 m2
Os
M4
&
>
g o
@
3
o
2
w
4
pu
o I
1 2 3 4
ccc
FIGURE 4
Natural regeneration density (NRD) per crown cover class (CCC).

The NRTC using the transect methodology was not useful in
plots with a crown cover of <30% due to the number of individuals,
that is, in some cases, the regeneration individuals were not fully
identified using the transect sampling. This sampling design was
particularly useful when the number of regeneration individuals per
plot was high.

The NRTC enabled further detail on the sapling traits when
compared with NRD. Half of the saplings sampled were growing
isolated, 41% were in contact with another sapling at one point, 9%
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FIGURE 5
Natural regeneration tree classification (NRTC) results are organized
by h class according to dbh class results.

were touching at two points, and no saplings were surrounded by
other saplings (degree of crown isolation 4). Approximately 44% of
the saplings had a height between 0.5 and 1.3 m, while 56% were
taller than 1.3 m. Most of the saplings (73%) had a dbh of <5cm,
and 27% of the saplings were between 5 and 10 cm.

Furthermore, 33% of the individuals in dbh class 1 were in
h class 2, while 3% of individuals in dbh class 2 were in h class
2 (Figure 5). Therefore, there was more variability in h and dbh
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FIGURE 6
Natural regeneration tree classification (NRTC) tree habit results of
NR according to crown isolation.

class 1 than in dbh class 2. Hence, saplings with dbh of <5cm
had more variability in height growth. Most saplings had one
main stem (72%), while shrub shape was present in 22% of the
individuals, and low bifurcation was rare, corresponding to 5%
of the saplings. When considering saplings of shrub shape, 7%
were growing isolated, 12% were growing in contact with one
sapling, and 2% were in contact with two saplings (Figure 6). For
saplings classified as low bifurcation, 2% were growing isolated, 3%
were growing in contact with two saplings, and there were none
growing in contact with more than two saplings. In addition, 40%
of the saplings classified as trees with one main stem were growing
isolated, 25% were in contact with one sapling, and 6% were in
contact with two saplings.

4. Discussion

Overall, the new methodology of the natural regeneration
tree classification (NRTC) was easy and fast to apply, similar to
classifications used for the main stand (Assmann, 1970; Meadows
and Skojac, 2008; Kerr and Haufe, 2011). In cases with low
density of NR, the NRTC should be used in all individuals of
natural regeneration present in the plots because 95% of the plots
with a crown cover of <30% had <50 saplings per plot, which
corresponded to <200 saplings ha~!. So, the NRTC in these cases
should be used to identify trees that could be recruited for the main
stand. In plots with few NR individuals, the sample unit should be
all the plot area of. Inversely, in plots with dense NR, to reduce
time and costs for a certain pre-set error, transect sampling should
be preferred.
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The quantification of natural regeneration density enables only
the assessment of the number of individuals. The use of the
novel natural regeneration classification system enables further
details on the traits of regeneration and the need to prescribe
silvicultural practices. The strength of the methodology developed
is the conjugation of both density and quality sampling of
natural regeneration. The evaluation of the density simplified the
selection of plots that need artificial regeneration from plots that
need silviculture interventions that favor the recruitment of NR
already present. The results of the NRTC provided details on
future silvicultural practices. The sapling habit allowed for the
evaluation of the need for pruning, which is recommended in early
stand development stages (Natividade, 1950; Assmann, 1970; Alves
et al,, 2012), for example, when saplings have low bifurcation or
shrub habit, likely due to browsing or climate (e.g., frost and/or
drought). In the montado, the pruning of saplings and/or recruited
individuals is carried out to shape tree habit (due to the low
epinastic control of the oak species) to enhance a better-suited
habit to produce fruit and bark (bark only for Quercus suber) or
firewood (Natividade, 19505 Alves et al., 2012). The competition was
evaluated by the degree of isolation of the saplings. The degree of
crown isolation of saplings enables the evaluation of the need to
release them and promote their vigor and growth. Thus, it enables
the assessment of whether thinning is needed or not. The trees of
the overstorey cast strong competition for growing space, especially
light, water, and nutrients, to the saplings (Smit et al., 2009; Oliver,
2015; Lof et al., 2019; Petersson et al., 2019; Pommerening and
Grabarnik, 2019; Principe et al., 2019; Martinez-Baroja et al., 2021).
The evaluation of the quality of trees of the overstorey, especially
their vigor, growth, and health, will help to decide the best-suited
silvicultural practice (Figure 7): the removal of the saplings when
the overstorey has not reached the end of the production cycle so
that the competition cast by the overstorey trees does not limit
sapling growth, or inversely the removal of the overstorey tree
due to low vigor and health, or when trees have reached the end
of the production cycle (Larsen et al., 1997). In addition, in the
Mediterranean, there is a high risk of wildfires in summer, so it
is common to remove the understorey vegetation to prevent the
accumulation of biomass in forests.

In this case study, the natural regeneration methodology was
used to study the Quercus ilex natural regeneration in different
crown cover degrees. Our results indicate that plots with a
crown cover of <30% showed lower values of established natural
regeneration when compared with plots with a higher crown cover.
Our results suggested that the density of established regeneration
increased as the degree of crown cover increased, and it was more
evident when the crown cover was higher than 50%. This result
was expected as shading and forest environment promote oak
acorn germination and primary development, thus, reinforcing the
importance of the overstorey nurse effect (Gea-Izquierdo et al,
2006; Badano et al., 2011; Moreno et al., 2016). We found a
tendency toward a higher density of saplings in plots with a
higher crown cover (Figure 4). In future, it would be interesting
to explore this trend. More data have to be collected using the
methodology developed in this article to do a deeper statistical
analysis of the different tree traits and NRD and CCC. The higher
density of saplings with increasing crown cover can be related
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Natural Regeneration
Density (NRD)

e Evaluation of density of NR in the forest
inventory plots even in dense crown cover
densities.

Simplifies the selection of plots that need
artificial regeneration from plots that need
silviculture interventions that favour the
recruitment of NR already present.

FIGURE 7
Evaluation of natural regeneration.

Evaluation of Natural Regeneration

Natural Regeneration Sampling

Natural Regeneration Tree Classification
(NRTC)

®  Evaluation of the quality of the NR present
and the likelihood of their recruitment to the
main stand.

Evaluation of the competition between
saplings and the need for thinning.

Fast evaluation of the size of individual
saplings present.

Evaluation of the habit and the need for
pruning.

to two main factors: seed source and nursing effect. The higher
the density of adult trees, the higher the seed amount because
the oak fruit is a heavy seed and thus tends to fall near the
seed tree. As crown cover increases, the nurse effect or shelter
also increases. The presence of adult trees can provide protection
against weather events, such as frost and drought (Badano et al,
20115 Principe et al., 2019). At the initial stages of development,
the oaks are semi-tolerant to shade, thus, shade is a relevant factor
for the development of saplings in the Mediterranean climate
(Pausas et al., 2009). In addition, shade should be managed in
future to ensure that competition between saplings and adult
trees does not limit saplings’ growth. Additionally, in this case
study, sapling density appeared to be higher when the crown
cover was also higher, and this tendency was in accordance with
other studies that referred the success of natural regeneration
increased with the increase of crown cover and thus creating
a better-suited microclimate (Espelta et al, 1995; Pulido and
Diaz, 2005; Principe et al., 2014). The fact that vigorous natural
regeneration was found in stands, where grazing occurs frequently
is interesting and reinforces the idea that it is possible to
manage the montado considering the success of the oak trees’
regeneration, recruitment, and extensive periodic grazing. This
result conforms to what was stated by Carmona et al. (2013) that
oak regeneration can be found in grazed areas but contradicts what
was found by Plieninger (2007) that grazing is not compatible with
oak regeneration.

According to our results of the NRTC, 85% of the plots, with a
crown cover higher than 30%, had good quality saplings suited to
be recruited outside of the upper story crown projection. Only 15%
of the plots with a crown cover higher than 30% were dominated
by Cistus ladanifer and had almost no oak saplings. This result
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supports that more research is needed on natural regeneration
in different types of habitats that foster oak regeneration and
recruitment without direct human support (Bobiec et al., 2018).
This case study is an example of the data we can get
using the natural regeneration tree classification (NRTC)
methodology, and more applications could be tested in future
using different oak species. In plots with an NR density of
>200 NR individuals ha=!, the natural evaluation methodology
using the transect is efficient and enables a fast evaluation
of the NR. In future, we suggest that the NRTC is used
in all NR individuals in the inventory plot when the NR
<200 NR ha™!.
needs further testing, but our results indicate that it can be

density is individuals The methodology
applied to other forest species in agroforestry systems or other

forest systems.

5. Conclusion

Due to long production cycles, an analysis of the regeneration
dynamics of tree populations is a hard task but an essential
part of the study of forest stand dynamics, whether of
holm oak or other species. The natural regeneration tree
classification system makes the bridge between the density
of natural regeneration and its traits. This enables further
details on the potential for the recruitment of individuals with
desired traits to the main stand and the need for silvicultural
practices, especially pruning and thinning. The methodology
developed in this study enables the monitoring of large areas
of forests.
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The newly developed natural regeneration tree
classification system allowed for an efficient evaluation
of saplings, essential for the implementation of
silviculture practices.
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