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A silvicultural stand density model to control understory in maritime
pine stands

The aim of this study was to provide optimal silvicultural guidelines for the
maintenance of low understory vegetation cover in maritime pine (Pinus
pinaster Ait.) stands in Mediterranean areas prone to the occurrence of forest
fires. An extensive data set from maritime pine stands of northern Portugal
was used to assess the effect of stand density on the understory cover. A sta-
tistically significant relationship between the spacing-top height factor (Fw)
and the understory cover was found. An ecologically-based density regulation
model was developed based on Fw = 0.21, which provided the optimal stand
density and canopy cover to prevent the understory growth and proliferation,
thereby reducing the vulnerability to forest fire and ensuring at the same time
the highest values of stand yield. The developed model represents a support-
ing tool for density regulation of maritime pine stands in areas prone to forest
fires. The representativeness of the supporting data set (in terms of number of
sample plots and variability of the stands characteristics) provides confidence
in the generalization of our results to different maritime pine stands in the
Mediterranean area. This study suggests that managing stand density may be
an effective adaptive management procedure which can help reducing the for-
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Introduction

Stand density is a key variable in forest
management, as it directly influences the
growth and yield at a particular station.
Based on a criterion of spacing, marked by
thinning, different models of silviculture
were defined and used as guidelines for
density regulation. The models are nor-
mally based on the usage of specific values
of relative spacing factors or of the Stand
Density Index (SDI - Reineke 1933). The
Reineke’s index is given as SDI = N (dg/25)",
where N is the variable that represents the
number of trees (trees ha”), dg represents
the quadratic mean diameter (cm) and b is
an allometric coefficient. In Portugal, the
stocking criterion for softwood species is
traditionally defined by the Wilson’s spac-
ing factor: Fw = 100N°hd" (Wilson 1946),
where hd refers to the dominant height

est fire hazard.
Keywords: Silviculture,
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defined as the average height (m) of the
100 thickest trees per hectare. There is an
equivalence link between the Wilson factor
and the Hart-Becking spacing index (H-B)
for a square compass, in that case: H-B =
100 Fw.

The most abundant softwood species in
Portugal is maritime pine (Pinus pinaster
Ait.), occupying 23% of its mainland for-
ested area (ICNF 2013). The forest systems
of maritime pine are essentially managed
for timber as pure and even-aged stands.
Stands have their origin through planta-
tion/seeding or, in case of fire distur-
bances, through natural regeneration. The
typical silvicultural model considers the
first thinning at age 17-20 years and a sec-
ond at age 25-30 years. The thinning inter-
val is located between short to medium (5-
10 years), corresponding to a top height
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growth of 2 to 3 m. The harvest age occurs
around 40-45 years. Values of Fw after thin-
ning, in the range between 0.20 (moderate
low thinning) and 0.28 (very heavy low
thinning) are correspondent to the classi-
cal thinning description of grades C/D and
E, respectively. These values have been re-
ported in literature for this species (Hum-
mel et al. 1959, Gomes & Alves 1968,
Calcada-Duarte 1999, Oliveira 1999, Mor-
eira & Fonseca 2002, AFN 2010). Luis & Fon-
seca (2004) have suggested the use of rela-
tive values of the SDI factor, with b = 1.897,
for density regulation. Relative values of
SDI are established by dividing the SDI val-
ues by the maximum value of SDI for the
species (estimated as being equal to 1859
trees ha' for a dg = 25 cm), and multiplying
it by 100. The authors hypothesized that
60% and 35% are adequate values for the
upper and lower limits of the optimum
growth-density interval, respectively, and
25% is the reasonable value for the crown
closure for Pinus pinaster in the Portuguese
environment. Automatic management pro-
cedures, based on the use of SDI and Fw,
are available in the ModisPinaster model
(Fonseca 2004), which is designed to help
the management of the species and is
freely available for use in the Capsis plat-
form (http://www.inra.fr/capsis — Fonseca
et al. 2012). The use of two distinct mea-
sures of density allow managers to per-
form simulations based on the ecological
concept of self-thinning, intimately associ-
ated to the SDI metric and to the tradi-
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Fig. 1 - Location of the study area in Portugal.

tional guidelines based on the dominant
height growth development accounted for
in the Fw metric.

The recurrent forest fires in the Mediter-
ranean region are a significant menace to
the maintenance and development of this
pine ecosystem and have direct conse-
quences on the characteristics of the wood
material that becomes available at the end
of the incident, and can result in consider-
able economic loss. The fire regime affects
genetic diversity in the short-term, without
generating maritime pine genetic erosion
(Lucas-Borja et al. 2016). The species has
evolutionary adaptations that helps its per-
petuation in fire-prone environments, as
thick bark and reproductive processes that
facilitate recovery after stand replacement
fire from seeds stored in serotinous cones
(Fernandes & Rigolot 2007). Yet, recurrent
forest fires that return after a short period
of time menace the perpetuity of the
species, because the young regenerated
plants are unable to reach reproductive
maturity between the consecutive fires.
Adaptive management actions, such as the
modification of the structure and quantity
of aerial and surface fuels to manage fire
hazard (e.g., prescribed fire) or the use of
silvicultural models more oriented to con-
trol the proliferation of shrubs, are there-
fore essential. It is often advocated that
high densities should be maintained as a
control measure over the understory vege-
tation (Gomes & Alves 1968, Rodriguez-
Soalleiro et al. 1997), given that P. pinaster
presents a sparse canopy that facilitates
the passage of light to the ground, thereby
promoting the development of an abun-
dant undergrowth (Rodriguez-Soalleiro et
al. 1997, Rigolot & Fernandes 2005, Gdmez-
Vazquez et al. 2014). In fact, the impact of
density on the occurrence of understory
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happens due to the interception of irradi-
ance by the canopy and can be assessed by
the metric Leaf Area Index (LAI) of the ca-
nopy. LAl depends on tree species, age,
and density and on the social position of
trees within the canopy structure. When
LAl is not available, the stand density and
the diameter of the trees can be used as a
proxy of canopy closure. Additional fac-
tors, such as topography (Gracia et al.
2007), soil characteristics, competition be-
tween the understory species for water
and nutrients, might also interfere in the
development and structure of the under-
story vegetation.

The evaluation of the overstory cover
effect on the understory vegetation has
been stated for different forest systems.
McKenzie et al. (2000) explored the rela-
tionships between overstory characteris-
tics and the abundance of herbs and
shrubs in mature forests of softwood
species (hemlock, fir and Douglas-fir). The
authors found that shrub cover was nega-
tively correlated with overstory variables.
Among the overstory variables tested (e.g.,
basal area, number of trees, SDI, percent
canopy cover, tree quadratic mean diame-
ter, coefficient of variation of tree diame-
ters), the SDI and tree quadratic mean
diameter presented the strongest correla-
tion with shrub cover. Bailey & Tappeiner
(1998), in a study conducted in Douglas-fir
stands, found that shrub density was
related to thinning intensity and stand den-
sity. The density and the frequency of tall
shrubs were significantly greater in thinned
stands compared to unthinned stands. In
thinned stands the density and frequency
of tall shrubs were negatively correlated
with relative density and trees ha®. Gracia
et al. (2007) found that overstory cover
and basal area in temperate forests in NE

Spain negatively affected the presence of
two shade-intolerant shrub species, de-
creasing their abundance when light de-
creases. A significant relationship between
stand cover on understory vegetation has
been reported also by Coll et al. (2011),
referring to some species of the Pinaceae
and Fagaceae families in forests of Catalo-
nia (Spain), and by Botequim et al. (2015) in
Portuguese forests of different cover
types.

The effect of overstory density on the
understory vegetation layer is critical in fire
prone forest ecosystems. This study seeks
to statistically investigate whether or not
the understory levels in maritime pine
stands are influenced by the density of the
stands, as measured by the spacing factor.
In case a significant relationship is identi-
fied, it provides opportunities to propose
better-suited density prescriptions to the
species in order to guarantee a low abun-
dance of understory vegetation in the
stands. This would be a strategic adaptive
measure to assist and reduce the vulnera-
bility of forest fires in areas prone to this
hazard.

Material and methods

Study area

The study area is located in North Portu-
gal (Fig. 1), in the Tamega Valley region (lat-
itude range: 41° 15’ - 41° 52’ N, longitude
range: 7° 20’ - 8° 00’ W, altitude range: 100-
900 m a..l.), where there is one of the
major continuous maritime pine covers in
Portugal, occupying around 35,000 ha. The
soils in the region are derived from granite
and schist. A climate variability due to the
Atlantic and continental influences and to
the range in altitude is mentioned for the
region (Marques 1991): “Up to the level of
400 m, mean annual temperature varies
eastward between 13.1 and 16 °C. Above
that level, mean annual temperature de-
creases to a value of 9.8 °C in the higher
elevations. The values of mean annual rain-
fall are between 660 and 1400 mm in the
lower sites, increasing with altitude from
1000 to 2900 mm”. For detailed informa-
tion, please refer to Marques (1987, 1991).

Stands are even-aged and are handled in
a thinned managed regime. Depending on
site quality, stands attain their biological
rotation age for the volume variable at 35-
45 years (Moreira & Fonseca 2002). The
harvesting age according to that criterion
corresponds to the year where the Mean
Annual Increment (MAI) is equal to the Pe-
riodic Annual Increment (PAI). The average
diameter of the stand ranges from 25 to 35
cm at the final cut, depending on the site
quality. Density regulation has been mainly
based on the experience of the operators,
being translated into Fw values ranging
between 0.16 and 0.28 (Cal¢ada-Duarte
1999). A detailed list of understory species
occurring in these ecosystems can be
found in Marques (1987). The species
noticeably represented in the Tamega Val-
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ley can be grouped into 6 major families:
ericaceous (Calluna vulgaris, Erica spp.),
fabaceous (Pterospartum tridentatum,
Ulex minor, Ulex europaeus), graminaceous
(Agrostis spp.) cistaceous (Halimium lasian-
thum), leguminaceous (Cytisus scoparius)
and ferns (Pteridium aquilinum). The re-
sults by Marques (1987, 1991) point to-
wards a probable association of Pteridium
aquilinum with sites of good quality, while
the absence of ferns and the presence of
Pterospartum tridentatum is associated
with poor sites. Information of flammabil-
ity and calorific power for the species can
be found in Martin & Lara (1989).

Material

Understory vegetation and stand infor-
mation was collected from forest invento-
ries drawn up over the last three decades
of the pine stands from the Tamega Valley
(Data_Pinaster). A synthesis of part of
Data_Pinaster can be found in Fonseca
(2004). A consistent database encompass-
ing different conditions of density and lev-
els of understory vegetation was selected
and organized to support the statistical
analysis. All the information that has been
used in this study refers to data collected
in pure stands of maritime pine. Plots with
no information about the percentage of
understory and plots where there was a
record of occurrence of disturbances, such
as cutting and burning understory, were
discarded. The database used in the study
corresponds to 160 circular sample plots
(0.05-0.1 ha) distributed throughout the
study area and covering a large range of
stand densities (Tab. 1). The inventory data
were obtained by different teams using
two different methods for understory cov-
er data registry, according to the specific
inventory guidelines proposals followed
during data collection. The determination
of total cover percentage (Bohnam 1989)
was assessed by the intercept line method
(Canfield 1941) in 77 plots and by visual esti-
mation in 83 plots. We assumed that the
rigor associated with the visual estimation
is compatible with the study purposes, not
only because the latter method was based
on the use of graphical charts of percent
cover (British Columbia Ministry of Forests
and Range and British Columbia Ministry of
Environment 2010), but also due to the
joint training and assessment of the vari-
ous elements of the work team, as sug-
gested by Klimes (2003) in order to reduce
the variability of outcomes from different
operators. The species found in the 160
plots include the major species associated
to the communities listed earlier in this
Section. Four series of understory cover,
encompassing all situations, were consid-
ered: (1) absence; (2) fair (< 10%); (3) fair to
medium cover (10-30%); and (4) medium to
high cover (> 30%). According to the
authors’ experience, which has been cor-
roborated by an expert on forest fire
research (P. Fernandes, personal communi-
cation), series 2, 3 and 4 might be associ-
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Density and understory vegetation in pine stands

Tab. 1- Stand statistical characteristics of the test material (n = 160 observations). (t):
stand age; (N): number of trees per hectare; (hd): dominant height; (dg): quadratic
mean diameter; (SI): site index at 35 years reference age (Marques 1987, 1991); (Fw):
spacing factor of Wilson; (SDI): Stand Density Index of Reineke; (P;): percentile value;
(): 10, 50 (median) and 90; (mean): arithmetic mean; (sd): standard deviation.

Stand variable Pio Pso Py mean = sd
t (years) 24 38 51 38 £ 10.3
N (trees ha™) 340 850 2002 1024 + 672
hd (m) 10.6 15.6 20.9 15.8 + 3.9
dg (cm) 12.5 21.9 32.3 22.1+£7.3
Shis(m) 12.3 16.0 18.6 15.6 £ 2.5
Fw 0.17 0.22 0.31 0.23 £ 0.06
SDI (%) 22.1 32.8 44.5 33.3+9.6

ated with the following values of under-
story vegetation fuel load: to 2.5 t ha’,
from 2.5 to 5.5t ha” and > 5.5 t ha", being
categorized as low, medium, or high fuel
load, respectively. The characterization of
stand variables is presented in Tab. 1. The
variables refer to age, tree size (diameter
and height) and site index. Summary val-
ues of density were provided, which were
assessed both by the variable spacing fac-
tor of Wilson (Fw) and by the variable
Stand Density Index (SDI). Hereafter, we
will focus especially on the Fw because this
index is the measure that has been tradi-
tionally used to regulate density in this
maritime pine system.

Statistical analysis

Relationship between stand density and
understory vegetation

To test the hypothesis that claims the
existence of a significant relationship be-
tween stand density and understory vege-
tation in pine stands two approaches were
followed.

The first approach consisted of the evalu-
ation of the differences between the mean
values of the Wilson spacing factor across
the understory series defined for the analy-
sis. The normality of the distributions was
checked for deviations using normal quan-
tile plots. To evaluate the differences
between the means, the parametric post-
hoc Duncan’s multiple comparison test and
the t-test (with significance level P < 0.05)
were used. The analysis was comple-
mented with the nonparametric Wilcoxon
test, which was used to account for devia-
tions of normality. Differences were evalu-
ated considering the original four series of
data (1, 2, 3, and 4) and considering new
groups, by merging series 1 and 2 (corre-
sponding to null or low understory cover)
and series 3 and 4. Analysis of overstory
effects on understory vegetation was addi-
tionally performed by means of logistic
regression. The overstory variables tested
were the spacing factor (Fw) and the Stand
Density Index (SDI), the basal area (G), the
number of trees per hectare (N) and the
stand age (t). The response variable was
defined as the categorical variable under-

story classified as being o or lower than
10%, or equal or higher than 10%.

Stand density model

The second step of the statistical analysis
was aimed to identify and model the rela-
tionship between the absolute measure of
tree density, as assessed by N, and a proxy
variable related with understory vegeta-
tion. The association was studied graphi-
cally and statistically through regression
modelling. Tentative regression models
were tested and the selected candidate
models were carefully analyzed in terms of
statistical conformation to the least
squares assumptions of linear and nonlin-
ear model fitting. The appropriateness was
based on the biological trend captured into
the models and judged by the graphical
analysis of the residuals. Fitting criteria
that was recorded for presentation re-
ferred to the coefficient of determination
(R?) and the R*like statistic, for nonlinear
models and to the standard deviation of
the residuals (statistic root mean square
error, s,,), in the original units. The statisti-
cal analyses were performed using the
JMP® (v. 10.0) software of SAS® Institute
Inc.

Results

Relationship between stand density and
understory vegetation

Tab. 2 presents the number of stands (n),
the mean value and the standard deviation
(sd) of Fw for each series of understory
considered. An examination of the plots
showed fairly straight distributions for
series 1, 2 and 3, and just a slight deviation
for series 4. No inconsistent values were
detected for the overall data nor for each
of the series taken individually. The sample
was therefore considered as representa-
tive of the observed communities and to
fulfil, in general, the Duncan test condi-
tions. According to the Duncan test results,
the Fw averages of series 1 and 2 were not
significantly different at the 5% significance
level. The same occurred for the Fw aver-
ages of series 3 and 4. Hence, the analysis
was performed again by considering just
two groups. The new series considered in
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Tab. 2 - Values of the Wilson spacing factor (mean + standard deviation), by series of
understory. Means with the same letter are not significantly different (p>0.05) after

the Duncan’s test.

Series Understory n Fw Series Understory Fw
1 0 34 0.20 £ 0.03*  Absence 0-10% 0.21+0.04*
2 < 10% 43 0.22 + 0.04*
3 10-30% 30 0.25 +0.06>  Presence > 10% 0.25+0.07°
4 > 30% 53 0.26 + 0.07°

the subsequent analysis distinguish stands
with none or scarce understory vegetation
(0-10%, 77 observations) and stands with a
significant presence of understory (>10%,
83 observations). The Fw averages on the
new series, coded as “absence” vs. “pres-
ence”, were significantly different at the 5%
significance level, as judged by the para-
metric t-test (P-value < 0.0001). The
Wilcoxon nonparametric test confirmed
differences between the distributions of
the new series “absence” and “presence”
(P-value < 0.001). The average (standard
value) of stocking for the subset of data
with understory vegetation was 0.25 *
0.07, while for stands showing no vegeta-
tion or low percentages of understory veg-
etation cover (< 10%), the mean spacing
factor was markedly lower (0.21 £ 0.04).
The influence of stand density on under-
story cover was estimated using a logistic
model (Fig. 2) that also points towards a
statistically significant relationship be-
tween the Wilson spacing factor and the
log odds of absence/presence of under-
story vegetation, as attested by the x*test
statistic (P-value < 0.0001). Statistically sig-

nificant relationships (P-value < 0.0001),
although with a lower explanatory power,
were also noticed with the Stand Density
Index (SDI, %) and with stand basal area (G,
m’ha). The number of trees per hectare
(N, trees ha") proved to be non-statistically
significant (P-value = 0.3365) in the log
odds of absence/presence of understory
vegetation.

Stand density model

After confirming the effect of overstory
stand density on understory vegetation
and the recognition of Fw as the variable
that best accounts for the likelihood of
absence/presence of understory, we ana-
lysed the relationship between N and Fw in
order to obtain practical density guidelines.

Fig. 3 characterizes the 160 stands in
terms of number of trees per hectare and
quadratic mean diameter. The diameter
was selected for the X-axis, given that this
variable is more straightforwardly mea-
sured than tree height and it is regularly
reported in current inventories. Also, it is
shown the line that corresponds to the
number of trees per hectare as estimated

by the models by Oliveira (1985) and Mor-
eira & Fonseca (2002), setting a Fw = 0.21.
This value of 0.21 equals the average value
of the spacing indices found for the
“absence” series and can be conservatively
assumed as the value which guarantees a
null or lower understory vegetation cover
percent (< 10%) in the stands. The values of
dg associated to the values of hd were read
directly from the stand tables by Oliveira
(1985) and Moreira & Fonseca (2002). This
procedure allowed to obtain pairs (N, dg)
for a range of hd values, supporting the
drawing of the trend line.

The trend line in Fig. 3 divides the stands
in two different subsets. The first subset of
stands is characterized by higher tree den-
sity (Fw < 0.21) with low (or null) under-
story vegetation cover (subset E1). The sec-
ond refers to pine stands with larger spac-
ing between trees (Fw > 0.21 — subset E2)
which are associated with understory cov-
er >10%.

We analysed the association between the
number of trees (N, trees ha") as the
response variable, and the quadratic mean
diameter (dg, cm) and the average spacing
factor (Fw) as explanatory variables. The
overall dataset was used to model the rela-
tionship between N, dg and Fw. Scatter
plots of N over dg and Fw revealed a curvi-
linear trend; therefore, transformations for
N, Fw and for dg were used. The selected
model had the following form (eqn. 1):

InN=8,+p,dg" +In Fw’+¢ (1)

where §; (i = 0, 1, 2) represents the parame-
ters of the model and ¢ is the error term.

1,00 1,0 Fig. 2 - Logistic fit of
understory vegetation
o 0] (0] .
o e g © by spacing factor of
2 0,751 g 2 0,75+ @ Wilson (Fw) for log
§ g @ &’ odds of Absence/Pres-
a 2 ence. (Absence): stands
3 0507 -3 0507 - with 0-10% understory
g g g g vege;ation;ove.r;h(Pres-
e £ ence): stands wit
< 025 § < 0257 § understory vegetation
< < cover > 10%.
0,00 — 0,0
0,1 0,2 0,3 04 0,5 0,6 10
Fw
1,00 1,0
3 5]
[ [}
g 0757 g 2 075 g
H o 2 g
2 T @ a
$ 050 L5 050 B
Qo o
g ®o @ 3
o o
§ 0,25+ g ﬁ 0,25+ g
Q Q
< <
0,00 r—+ 1 v [ "t T & T & [ ¢ 0,0 —T 1 * 1 T T " 1 " [ 7 1
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e==fw=0.21 from yield tables

2500 :

) O Stands with ABSENCE of understory
A A Stands with PRESENCE of understory
2000
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0

0 5 10 15 20 25 30 35 40 45

Fig. 3 - Number of trees and mean diameter of the studied pine
stands. Representation of the dataset in terms of number of
trees per hectare and quadratic mean diameter. The subset E1
refers to the stands with Fw < 0.21 (above the black trend line),
while E2 refers to the subset of stands with Fw > 0.21 (below
the trend line). (Absence): stands with 0-10% understory vege-
tation cover (white circles); (Presence): stands with under-
story vegetation cover > 10% (grey triangles).

Density and understory vegetation in pine stands

2500

== ine corresponding to equation (3)
- =Fw =023

==5DI = 60% (A); SDI=35% (B)

2000 \

1500

N (trees.ha?)

1000

500

dg (cm)

Fig. 4 - Examples of density regulation guidelines for maritime
pine. Regulation of density in maritime pine stands. Solid line:
recommended prescription for the amount of trees to main-
tain based on a Fw = 0.21, dashed lines: usual recommended
prescription (Fw = 0.23, Oliveira 1985 and Moreira & Fonseca
2002), and minimum spacing appropriate to thin (Fw = 0.16),
and double lines: lower (SDI = 35%) and upper limit (SDI = 60%)
of the optimum growth-density interval, the latter correspond-
ing to the beginning of self-thinning.

The logarithmic transformation of N ac-
counts for non-uniform variance of N
across the domain of the regressor vari-
ables. The analysis of residuals of the fitted
model did not present any symptoms of
heteroscedasticity or non-normality of the
error term. The conversion of logarithmic
estimates to original units led to eqn. 2:

N =3665.45 exp(—0.656 dg"* ) Fw ' (2)

The index of fit (R*like statistic) was
0.918 and the root mean square error (s,)
in original units was equal to 194 trees ha™.
The correction factor for bias (Baskerville
1972) slightly deviated from 1 (CF = 1.01),
thus the correction was deemed unneces-
sary.

A clear relationship emerged by setting
Fw equal to the threshold value of 0.21 in
eqn. 2, whereby the value of the variable N
directly varies with changes in the dg val-
ues, as reflected in the following equation

(eqn. 3):
N =18877 exp(—0.656 dg™) (3)

This relationship between the number of
trees and their average size defines the
expected stand density level that ensures a
null or lower cover of the understory. The
reference value of Fw = 0.21 refers to the
average spacing between trees after a low
thinning operation.

The relationship shown in eqgn. 3 is

iForest 10: 829-836

depicted in Fig. 4 with the usual recom-
mended prescription of Fw = 0.23 (Oliveira
1985, Moreira & Fonseca 2002) and the
maximum density for the species that is
still appropriate to thin (Fw = 0.16), as ad-
mitted by the authors and supported by
the database for the maritime pine ecosys-
tems (Data_Pinaster). The upper and lower

limits for optimal growth, SDI = 60 % and
35%, respectively, are also shown, in accor-
dance with Luis & Fonseca (2004).

Based on the above results, we propose a
new guideline based on the stand density
which stems from the obtained silvicultural
model. An example of such guideline is pre-
sented in Tab. 3. The simulations of stand

Tab. 3 - Summary of the output results obtained with ModisPinaster assuming a stan-
dard traditional model (spacing factor of Wilson, Fw = 0.23) and a new silviculture
model (Fw = 0.21), for a stand in a medium site quality (Slss= 16 m), with an initial num-
ber of trees at age 15 of N = 2200 trees ha". For both models it was assumed a thin-

ning regime with a 7-year cycle with a first

thinning made at stand age of 22 years, and

a final cut at 50 years. The differences in percentage points among scenarios are dis-
played in brackets. (Fw): Wilson’s spacing factor; (t): stand age; (N): number of trees

per hectare; (dg): quadratic mean diamet

to the removed material by thinning (thin.

er; (V): stem volume. The “r” symbol refers
) or at the final cut.
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growth and thinning practices were
obtained with ModisPinaster, assuming a
density of 2200 trees ha" at age 15. This
value of stand density is in line with the
tree density reported for the species in the
stand tables by Moreira & Fonseca (2002)
at age 15, being consistent with the aver-
age values detected in the database
Data_Pinaster for the lower age classes.
Results obtained with a traditional density
guideline are also provided for comparison
purposes.

Discussion

Relationship between stand density and
understory vegetation

In this study, we empirically assumed that
a high tree density in maritime pine stands
results in the reduction of the existing
understory vegetation, although to our
best knowledge it has not been statistically
tested so far. Indeed, it is expected that
the higher light interception exerted by
denser overstory canopy could negatively
affect understory vegetation growth.

Our results showed a significant effect of
stand density on understory cover in mar-
itime pine stands, in accordance with the
empirical statement and in line with the
expectations. The “regulating” effect of
overstory density on understory has been
reported for other forest systems (Bailey &
Tappeiner 1998, McKenzie et al. 2000, Gra-
cia et al. 2007, Coll et al. 2011, Botequim et
al. 2015). Results are also in agreement
with the expected dynamics of develop-
ment of these ecosystems. The spacing
factor Fw displayed a stronger relationship
between the absence/presence of under-
story vegetation than any of the stand den-
sity variables considered as predictor vari-
ables in the logistic regression model. The
relationship points towards an increasing
likelihood of the understory presence
(cover = 10%) with increasing values of the
Wilson factor, ie., with larger average
space among the trees (Fig. 2). The Stand
Density Index and the basal area of the
stands were also significantly related to
the understory presence. The opposite
curve trend associated with those variables
(Fig. 2) reveals a tendency similar to that
reported for Fw, with the denser stands
less prone to present understory vegeta-
tion. Other authors have also reported
strong negative correlations of canopy cov-
er with understory development, quanti-
fied in terms of SDI (McKenzie et al. 2000)
or stand basal area (Gracia et al. 2007, Coll
et al. 2011, Botequim et al. 2015).

Stand density model

The proposed density option with a refer-
ence value of Fw = 0.21 is slightly far from
the recommended prescription by Oliveira
(1985) and Moreira & Fonseca (2002) of Fw
= 0.23, in terms of number of standing
trees, but distant from the density level for
which it is still appropriate to thin (Fw =
0.16).
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The proposed values of N and dg can also
be analyzed in terms of Stand Density
Index values. Considering the self-thinning
allometric model (Luis & Fonseca 2004),
the proposed guideline corresponds to
keeping the stand after thinning in the 30
to 40% interval of SDI, close to the optimum
growth-density zone, according to Long
(1985). Hence, it is not expected to ob-
serve losses in total yield due to self-thin-
ning. Assuming that the results obtained
by Alegria (2011), using natural regenera-
tion of maritime pine for a scenario with
Fw = 0.20 (this being the most similar to
our proposal) are generalizable, it is ex-
pected that the silvicultural model results
in one of the highest values for stand yield,
average annual increment and pulp wood
yield.

Compared to the common standard (Fw =
0.23), the proposed option will result in a
20% increase in the number of standing
trees with a collateral modification in aver-
age tree size and in total stand yield. These
values can change depending on the
adopted management regime of thinning
and vary with site quality. When we simu-
lated the stand growth by ModisPinaster
assuming different management scenarios
in sites of low, medium and high quality,
the largest differences were found in a site
with medium quality and with a 7-year thin-
ning cycle. In this simulation scenario, a
decrease by 1 to 6.8% is likely to occur in
the tree diameter (both standing and cut
trees) and an increase of about 2.2 to 5% in
the total volume of the stand (which repre-
sents an overall range of 13 to 29.2 m? ha™).
The reported values are shown in Tab. 3.

The reduction in the average diameter
obtained using Fw = 0.21 was 1 to 6.8%,
reflecting variations between 0.1 and 1.6
cm. However, admitting the usual ampli-
tude class of 5 cm adopted in Portugal,
these differences ar not expressive as the
values of dg for both spacings (Fw = 0.23
and 0.21) are kept globally in the same
diameter classes for the thinning and rota-
tion ages, allowing an equal return in mon-
etary value.

The silvicultural model obtained by set-
ting Fw = 0.21 has several advantages com-
pared to the recommended (Fw = 0.23)
option in P. pinaster, in terms of reduced
proliferation of understory and more cylin-
drical and longer stem logs suitable for
pole production. On the other hand, its
application might be technically more de-
manding, as denser stands may results in
very high values of slenderness ratio (h/d),
which could compromise the stability of
stands and increase their vulnerability.
However, it is interesting to note that the
risk of damage remains similar for both the
above silvicultural models, and lower than
that expected for critical situations (e.g.,
Fw = 0.16). In a previous study on the prob-
ability of mortality in pine stands associ-
ated with wind damages, Fonseca (2004)
concluded that, for a given value of h/d
ratio for the dominant trees, stands with

spacing factors greater than 0.20 (which
include the model proposed here) are less
likely to suffer damages compared to
stands with lower spacing values (Fw <
0.20). The probability of mortality in-
creases with thinning weight, but it does
not vary as much by changing densities
from 0.20 to 0.23.

The stocking option proposed here for P.
pinaster stands in northern Portugal and
based on Fw = 0.21 (H-B = 21, for a square
spacing) is recommended as a control mea-
sure over the understory vegetation, as it
ensures at the same time one of the high-
est values of stand yield, without endan-
gering the stand stability due to wind and
snow. The management option based on
Fw = 0.21 is expected to be an adequate sil-
vicultural model in other maritime pine
forests in the Mediterranean region. The
negative effect of stand density on the
understory might also depress the natural
regeneration of maritime pine. While this
might be of concern for some species, it is
not especially relevant for the case study,
as maritime pine is an intolerant species.

Managing density as an adaptive
management procedure

Managing fire hazard is much more com-
plex than solely reducing the proliferation
of understory vegetation. Understory is
not the only variable determining flame
length and fire severity. Other variables,
including the fuel vertical continuity char-
acterized by the vertical structure of the
understory and overstory, as well as the
canopy base height and the canopy bulk
density, need to be taken into account
(Agee & Skinner 2005). Nevertheless, as
understory fuel is a critical component of
fire hazard, it is crucial to keep a dense
canopy cover to shade the understory and
reduce the available fuel, as an alternative
to the fuel treatments proposed by Gra-
ham et al. (2004), such as the case of pre-
scribed fire. As stated by Coll et al. (2011),
managing the canopy cover to control the
understory shrubby vegetation is an eco-
logical alternative to the current mechani-
cal management techniques. The silvicul-
tural option for pine maritime forests sug-
gested in this study can help the adaptive
management of maritime pine forests in
areas prone to forest fires.

Conclusions

A statistically significant relationship be-
tween stand density, measured by the Wil-
son spacing factor, and the understory
cover was found for maritime pine stands,
confirming empirical knowledge. A new
stand density regulation option, based on
Fw = 0.21, is proposed for maintaining the
minimum number of trees in the stand
which ensures sufficient shading to pre-
vent the proliferation of understory vege-
tation, thus reducing crown fire hazard.
The model developed here represents a
supporting, ecologically-based tool for
density regulation of maritime pine stands
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in areas prone to forest fires.

The studied area is the largest continuous
area covered with P. pinaster in mainland
Portugal, encompassing a wide range of
stand conditions in terms of density and
understory vegetation. The representative-
ness of the supporting data set (in terms of
number of sample plots and variability of
the stands characteristics) provides confi-
dence in the generalization of the results
for the same species in different locations.
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