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Abstract: The southeast Iberian Peninsula is the only place in the European Community where
Tetraclinis articulata (Vahl) Masters populations are native. In this area, the optimal ecological
niche for this species is occupied by Pinus halepensis (Miller). The increasing intensity of extreme
drought events induced by climate change causes severe declines in pine forests, while providing
expansion opportunities for established Tetraclinis populations. Within the framework of the LIFE-
TETRACLINIS project, a study has been designed to simulate the pine forest decline effects on
the population dynamics of this protected species. This work investigates the effects of decreasing
competition on T. articulata specimens with limited reproductive activity. To induce the reproductive
activity of these specimens through increasing the availability of light, the surrounding pines were
removed within a 15 m radius. Increased light availability was modelled using “Light Detection
And Ranging” (LiDAR) data, and changes in the main reproductive parameters were registered
throughout the study period. A significant increase in the reproductive population was achieved,
as well as the cones produced per specimen and the recruitment. Findings obtained are promising
for the habitat management in continental Europe and enhancing this forest system’s resilience to
extreme drought events and climate change.

Keywords: habitat conservation; Mediterranean forest; forest management; forest resilience; forest
adaptation to global warming

1. Introduction

Drought-induced forest decline is a global phenomenon potentially driven by climate
change [1]. Over the past decade, some authors have estimated that the frequency, duration,
and severity of drought periods will increase in Mediterranean countries during the
21st century [2,3]. In the southeast of the Iberian Peninsula, these events have induced
severe decline episodes in forests mostly dominated by Pinus halepensis Miller (Aleppo
pine) [4,5]. This is especially true for species located at their limits of distribution and
whose climatic suitability may be compromised by these events [6]. Forest management in
Iberian Peninsula needs to take into account the predicted impacts in the context of climate
change [7].

The southeast of the Iberian Peninsula is a key area for assessing climate change effects
on ecosystem biodiversity. This region is an ecotone between the Mediterranean biome and
the shrublands of semiarid areas of subtropical character [8–10]. Its coastal Pinus halepensis
Miller–Tetraclinis articulata (Vahl) Masters mixed forest stands are particularly responsive
to effects of climate change. In this regard, the hydraulic architecture of Tetraclinis provides
a better resilience against drought events [11]. Indeed, regional research based on species
distribution models shows opposite trends for both species. These models suggest an
expansion of T. articulata habitat [12] in combination with a decrease in in the Aleppo pine
area due to the increase of severe drought events recurrence [5]. However, declining pine
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forests do not have perfect spatial coincidence with the current populations of Tetraclinis.
Therefore, a deeper understanding of these substitution mechanisms is required in order to
facilitate a transition into a resilient forest to climate change.

Traditional practices used to expand T. articulata population areas have been exclu-
sively focused on reforestation projects [13], which have not yet been evaluated in terms of
cost-effectiveness in comparison with other potential alternatives. Until now, no initiatives
have been implemented to increase recruitment in Tetraclinis populations with limited
demographic dynamics.

1.1. Solar Irradiation and Reproduction

The role of solar irradiation in conifers reproduction has been studied extensively.
Within the same population, trees located in areas of high light exposure tend to produce
more cones than others [14,15]. Whereas, those located in shaded areas or closed stands
may have low or even no production [16,17]. The relationship between the initiation of
reproductive activity and tree size is modulated by environmental conditions, including the
availability of light [18]. In fact, environmental conditions that promote vegetative growth
could delay the beginning of reproductive activity [18–20]. Besides reproductive maturity,
light availability also plays an essential function in the germination of seeds and recruitment
rates. There is abundant documentation about environmental factors related to the seed
germination process in the Pinus genus over the Mediterranean [21–27]. However, research
on this topic for T. articulata is more recent [28–30]. Recruitment dynamics of the European
populations for this species are strongly influenced by the sunlight exposure [31,32].

1.2. Interspecific Competition

In a Pinus halepensis–Tetraclinis articulata mixed forest, both species are in strong
competition for light and other resources as they are at the lower limit of their distributional
ranges [28,31]. Besides light availability, water availability caused by aspect and drainage
flow is another limiting factor for both species in the southeast Iberian Peninsula [31]. In
these locations the T. articulata ecological niche is partially occupied by P. halepensis [32]. The
northern slopes are dominated by Aleppo pine and Tetraclinis is displaced to the south and
southeast. The eastern slopes are where both species establish a most balanced competition.
Shaded areas with a dense pine canopy contain a number of isolated T. articulata trees.
Most of these specimens remain reproductively inactive due to the limited solar irradiation
received.

We developed an experiment within the framework of the LIFE13 NAT/ES/00436
project (Conservation of the habitat 9570* Tetraclinis articulata forest in the European conti-
nent) to trigger reproductive behavior of T. articulata specimens through the creation of gaps
in the forest canopy. Targeted specimens were in an inactive reproductive phase despite
their size. The objective was to investigate the sequential response caused by the increase
of light irradiation on the reproductive dynamics of this species (namely, reproductively
active status, cone production, and recruitment). For this purpose, the results are evaluated
across a range of light intensity and pine canopy.

2. Materials and Methods
2.1. Experimental Design

The study area is located at the Regional Park of “Calblanque, Monte de las Cenizas
y Peña del Águila”, in the southeast of the Region of Murcia in Spain (Figure 1). We
monitored a total of 29 plots (10 control and 19 experimental). In 2016, circular plots of 15 m
radius were established centered on individual T. articulata specimens located in a matrix
of Aleppo pine. The specimens were selected due to their limited or absent reproductive
activity (i.e., absence of cones and nearby recruitment). In the fall of 2017, most of the
P. halepensis specimens were removed from within the experimental plots, retaining 0%–
50% pine canopy cover (Table 1). The Aleppo pine specimens were logged and debarked,
subsequently spreading the wood pieces over the plot.
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Figure 1. Study area location. Blue dashed line represents the Regional Park limits and the white dots highlight the survey
plots (EPSG Projection 25830-ETRS89/UTM zone 30N).

Table 1. Pine canopy cover ranges in the intervened plots before (2016) and after (2018) the experiment.

P. halepensis Canopy Cover (%) Number of Plots (2016) Number of Plots (2018)

00–10 0 11
10–20 0 3
20–30 3 3
30–40 4 0
40–50 5 2
50–60 3 0
>60 4 0

2.2. Data Collection

Over the period 2016–2019, we collected diameter, reproductive status, cone pro-
duction, and recruitment data for all the T. articulata specimens that were present inside
the plots. Specifically, 2016 and 2019 data were collected from June to September and
2018 data from February to March. The diameter of the primary stem was measured at
20 cm above the ground or immediately at ground level when the tree size was less than
20 cm tall [13]. Cone production was estimated by visual counting. Total number of new
T. articulata recruits were annotated and the percentage of pine canopy for each plot was
field-calculated by linear transects before and after the experiment.

2.3. LiDAR-Based Light Model

Due to the many difficulties encountered in reproducing light measurements (presence
of clouds, day of the month, and exact time of day), a LiDAR-based light model was
applied instead. For this purpose, we used the 2015–2016 LiDAR data available from the
Spanish National Geographic Information Center (https://www.cnig.es/home, accessed

https://www.cnig.es/home
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on 2 September 2020) and GRASS GIS r.sun.daily model [33] in combination with the Laser
Penetration Index (LPI) based on LiDAR data [34,35]. The 2016-point cloud was processed
into a bare-ground and canopy Digital Elevation Models (DEMs) using FUSION/LDV
v.4.20 [36]. The final DEMs grid size was 4 m × 4 m in order to decrease the data processing
effort. Due to the lack of LiDAR data for 2019, we decided to change the canopy raster
values of the plots using the available orthophoto images. The DEMs were used to calculate
annual light models before and after the experiment. The light models were corrected by
using LPI in order to estimate the annual direct and diffuse irradiation at ground level
received through the forest canopy.

2.4. BACI Analysis Design

The BACI analysis [37] was designed to compare differences between 10 control
and 10 impact (experimental) plots with similar initial biometric characteristics (Control
diameter = 15.3 ± 4.3 cm, Impact diameter = 15.7 ± 6.2 cm) and the LiDAR-based light
model’s data. The other 9 plots were excluded due to significant differences in the diameter
of the specimens (31.2 ± 6.4 cm). The analysis was applied to direct solar irradiation
models and the number of reproductive specimens by using an ANOVA approach using
R ‘car’ package [38] in order to explore significant differences between the groups before
(2016) and after (2018) the intervention.

2.5. Reproductive Status Variation

Variation in reproductive status of the 19 experimental plots has been analyzed using
binomial GLM [39]. The reproductive status was used as a binomial variable (active or
inactive) versus the diameter (measured in cm) of all the specimens in each plot in 2016
and 2018. Both obtained models were used to estimate the difference in the reproductive
status of the involved specimens after the experiment.

2.6. Demographic Response Observed in the Experimental Plots

In an attempt to explain the effects caused on the demographic dynamics of T. articulata
during this study, we fitted negative binomial GLMs from ‘MASS’ R package [40]. Due to
the low recruitment observed before the experiment (2016), the total number of specimens
was used as alternative. We used the recruitment of 2019 as dependent variable. Explana-
tory variables with a direct effect on the species population dynamics were selected: two
models of annual solar irradiation (direct and diffuse), total number of terrain’s drainage
flow lines in each plot, total number of reproductive specimens, previous year’s cone
production, and P. halepensis canopy for each survey plot. The number of drainage flow
lines were calculated with SAGA module [41] using a 4 m × 4 m spatial resolution DTM.
Furthermore, we used these variables in multiple regression models as a more complex
approach to their interaction with demographic dynamics. These models were selected by
using the minimum Akaike information criterion method (AIC) [42].

3. Results
3.1. BACI Analysis

No significant differences were observed in the initial conditions between control
and experimental plots. Statistics obtained by ANOVA tests are summarized in Table 2
and Figure 2. There are significant differences for both annual direct solar radiation and
the number of reproductive specimens between the control and impact plots after the
intervention. Differences are also observed for these parameters among the impact plots.
The experiment resulted in a significant increase of direct solar irradiation and also in the
number of reproductive specimens.
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Table 2. ANOVA test results of the BACI analysis. Significance codes: * < 0.05, ** < 0.01.

ANOVA Test Variable F Value p-Value

Control–Impact before
Direct solar irradiation 1.5244 0.2328

Reproductive specimens 1.8 0.1963

Control–Impact after
Direct solar irradiation 7.2772 0.0147 *

Reproductive specimens 6.6977 0.0186 *

Control before–Control after
Direct solar irradiation 0.0002 0.9886

Reproductive specimens 1.8 0.1964

Impact before–Impact after
Direct solar irradiation 13.038 0.0019 **

Reproductive specimens 6.6977 0.0186 *
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Figure 2. Boxplot of (a) annual direct solar irradiation and (b) total number of reproductive specimens
(red point represents the mean value). Cb: control before, Ca: control after, Ib: impact before, Ia:
impact after.

3.2. Observed Variations in the Reproductive Status

Total number of T. articulata specimens at the experimental plots was 93 in 2016, 134 in
2018, and 545 in 2019. There were some important changes in the reproductive parameters
of the specimens located on managed plots (Table 3). An increase of ten new specimens in
the reproductive population was combined with a higher average cone production rate
per reproductive specimens. The recruitment numbers in subsequent years suggest better
availability of germination microsites and a great increase in the seed availability.

Table 3. Observed changes in the main reproductive parameters. * Among these specimens, 11 were from 2017 and 30 from
2018.

Year Total Reproductive
Specimens

Specimens with
Cone Production

Estimated
Cone Production

Production Ratio
Per Active Specimen

Recruited
Seedlings

2016 18 11 15,900 1445 19
2018 28 24 44,070 1836 41 *
2019 28 6 7900 1317 411

In 2016 there were 18 reproductive specimens of T. articulata in the experimental plots
and this number increased to a total of 28 in 2018. Obtained GLM models relating maturity
and diameter of the specimens are presented in the Table 4.
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Table 4. GLM binomial models results for reproductive maturation in Tetraclinis articulata. Int.:
intercept, Pr.: predictor. Significance codes: *** < 0.001.

Variable Coefficient Std. Error p-Value Deviance

Diameter 2016
Int. −6.5789 Int. 1.7427 Int. 0.000160 ***

73.78Pr. 0.4318 Pr. 0.1202 Pr. 0.000329 ***

Diameter 2018
Int. −7.8666 Int. 2.2374 Int. 0.000438 ***

86.51Pr. 0.8167 Pr. 0.2424 Pr. 0.000756 ***

To achieve a 50% chance of being reproductively active in 2016, the specimens needed
a diameter of at least 15 cm (Figure 3a). After the experiment, this minimum diameter
was reduced to about 10 cm. The observed difference (Figure 3b) between both curves
denotes the diameter ranges whose probability of reaching reproductive maturity increased
substantially. The change was greater in specimens with a diameter of 10–15 cm.

Forests 2021, 12, x FOR PEER REVIEW 6 of 14 
 

 

In 2016 there were 18 reproductive specimens of T. articulata in the experimental plots 
and this number increased to a total of 28 in 2018. Obtained GLM models relating maturity 
and diameter of the specimens are presented in the Table 4. 

Table 4. GLM binomial models results for reproductive maturation in Tetraclinis articulata. Int.: intercept, Pr.: predictor. 
Significance codes: *** < 0.001. 

Variable Coefficient Std. Error p-Value Deviance 

Diameter 2016 
Int. −6.5789 Int. 1.7427 Int. 0.000160 *** 

73.78 
Pr. 0.4318 Pr. 0.1202 Pr. 0.000329 *** 

Diameter 2018 
Int. −7.8666 Int. 2.2374 Int. 0.000438 *** 

86.51 
Pr. 0.8167 Pr. 0.2424 Pr. 0.000756 *** 

To achieve a 50% chance of being reproductively active in 2016, the specimens 
needed a diameter of at least 15 cm (Figure 3a). After the experiment, this minimum di-
ameter was reduced to about 10 cm. The observed difference (Figure 3b) between both 
curves denotes the diameter ranges whose probability of reaching reproductive maturity 
increased substantially. The change was greater in specimens with a diameter of 10–15 
cm. 

 
Figure 3. (a) Reproductive status probability in relation to diameter for 2016 (blue) and 2018 (red); 
(b) observed difference between both reproductive probability curves. 

The variation in the 2018 cone production rate was related with two main factors: the 
addition of new reproductive specimens and the greater response observed in those that 
were already active. From 2018’s total production, only 13.55% was due to new reproduc-
tive specimens. The 2018 average production ratio was 2721 cones per previously repro-
ductive specimen and 597 cones per new reproductive specimen. This represented an in-
crease by a factor of 1.88 over 2016 observed levels. 

3.3. Demographic Response Analysis 
Pearson’s correlation indices between the variables used in negative binomial GLM 

are shown in Table 5. The same predictor variables for 2016 and 2019 (solar irradiations, 
pine canopy cover, reproductive status, and cone production) were used for these models. 
As response variables, the total number of specimens (2016) and the observed recruitment 
(2019) were used. 
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(b) observed difference between both reproductive probability curves.

The variation in the 2018 cone production rate was related with two main factors:
the addition of new reproductive specimens and the greater response observed in those
that were already active. From 2018’s total production, only 13.55% was due to new
reproductive specimens. The 2018 average production ratio was 2721 cones per previously
reproductive specimen and 597 cones per new reproductive specimen. This represented an
increase by a factor of 1.88 over 2016 observed levels.

3.3. Demographic Response Analysis

Pearson’s correlation indices between the variables used in negative binomial GLM
are shown in Table 5. The same predictor variables for 2016 and 2019 (solar irradiations,
pine canopy cover, reproductive status, and cone production) were used for these models.
As response variables, the total number of specimens (2016) and the observed recruitment
(2019) were used.

The most obvious are the linear correlations between both light intensities (direct
and diffuse) and their negative association with pine forest canopy. The initial number of
T. articulata specimens in 2016 is correlated with these three variables and with the number
of previous reproductive specimens. The association of 2019 reproductive variables to the
light irradiations and pine canopy seems to be more complex, with a progressive reduction
in their linear correlation for the reproductive specimens (higher), cone production, and
recruitment (lower).
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Table 5. Pearson’s correlation indices of the predictors used to study the demographic response before (2016) and after
(2019) the experiment.

2016 Predictors Direct
Irradiation

Diffuse
Irradiation

Pine
Canopy

Reproductive
Status

Cone
Production

Specimens
Number

Direct irradiation 1 0.8969 −0.5934 −0.0137 0.1335 0.5398
Diffuse irradiation - 1 −0.7631 0.0869 0.1264 0.4823

Pine canopy - - 1 −0.2023 −0.0399 −0.4469
Reproductive - - - 1 0.1577 0.4798

Cone production - - - - 1 0.0167
Specimens number - - - - - 1

2019 Predictors Direct
Irradiation

Diffuse
Irradiation

Pine
Canopy

Reproductive
Status

Cone
Production

Recruits
Number

Direct irradiation 1 0.7200 −0.4608 0.4222 0.3106 −0.2014
Diffuse irradiation - 1 −0.6844 0.2503 0.3486 0.0947

Pine canopy - - 1 −0.2175 −0.3020 −0.0058
Reproductive - - - 1 −0.0841 0.0706

Cone production - - - - 1 0.1469
Recruits number - - - - - 1

In the 2016 GLM analysis, the Tetraclinis specimen number showed a significant
relation with both solar irradiation models (Table 6). In contrast, Aleppo pine forest canopy
is negatively correlated. Regarding the recruitment observed in 2019, the cone production
of the previous year is the most significant variable and direct solar irradiation effect
disappears. The only variables maintained during the period evaluated were diffuse solar
irradiation and P. halepensis canopy. After the experiment, response was greatest under
17%–18% Aleppo pine canopy cover (Figure 4). A rapid exponential response of T. articulata
recruitment relative to the cones produced in the previous year is observed in 2019.
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Table 6. Single predictors negative binomial GLM models obtained for the total number of specimens
(2016) and the observed recruitment (2019). Int.: intercept, Pr.: predictor, Pr.2: quadratic predictor.
Significance codes: * < 0.05, ** < 0.01, *** < 0.001.

Predictors Statistics 2016
(Specimens)

2019
(Recruitment)

Direct solar
irradiation (ln)

Coefficients Int. −18.0208
Pr. 1.4845 -

Std. Errors Int. 6.8406
Pr. 0.5193 -

p-values Int. 0.00843 **
Pr. 0.00426 ** -

AIC 100.28 -

Deviance 32.83 -

Diffuse solar
irradiation (ln)

Coefficients Int. −26.992
Pr. 2.371

Int. −63.365
Pr. 5.304

Std. Errors Int. 12.353
Pr. 1.027

Int. 33.071
Pr. 2.691

p-values Int. 0.0289 *
Pr. 0.0209 *

Int. 0.0601
Pr. 0.0487 *

AIC 102.44 144.89

Deviance 24.27 5.2

P. halepensis
canopy (x + x2)

Coefficients Int. 3.23552
Pr. −0.03858

Int. 2.295034
Pr. 0.185123

Pr.2 −0.005683

Std. Errors Int. 0.75714
Pr. 0.01651

Int. 0.628018
Pr. 0.089193
Pr.2 0.0023

p-values Int. 1.93 × 10−5 ***
Pr. 0.0195 *

Int. 0.000258 ***
Pr. 0.037937 *
Pr.2 0.013465 *

AIC 102.38 142.56

Deviance 24.52 22.99

Σ Previous
cones (ln)

Coefficients - Int. −4.4104
Pr. 1.0079

Std. Errors - Int. 2.0563
Pr. 0.2805

p-values - Int. 0.031965 *
Pr. 0.000327 ***

AIC - 138.4

Deviance - 30.53

Multiple regression models (Table 7) indicate an explained deviance value of 48.15%
for the total number of T. articulata specimens (2016) and 52.97% and for the recruitment
after the experiment (2019). In the first case, the variables were the direct solar irradiation
and the number of reproductive specimens. In 2019, the variables were the cone production
of the previous year and pine canopy. Diffuse irradiation could have been incorporated to
this model since it was significant (p-value <0.05), but it would have a negative effect by
increasing the variance inflation factors (VIF).
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Table 7. Multiple regression negative binomial GLM models obtained for the total number of specimens (2016) and the
observed recruitment (2019). Int.: intercept, Pr.a, b: predictor a or b, Pr.2: quadratic predictor. Significance codes: * < 0.05,
** < 0.01, *** < 0.001.

Year Predictors Coefficients Std. Errors p-Values VIF AIC Deviance

2016
(specimens)

Direct solar
irradiation (ln)
Reproductive

specimens

Int. −17.5961
Pr.a 1.4115
Pr.b 0.4881

Int. 6.0281
Pr.a 0.4571
Pr.b 0.2297

Int. 0.00351 **
Pr.a 0.00201 **
Pr.b 0.03362 *

Pr.a 1.0006
Pr.b 1.0006 97.8 48.15

2019
(recruitment)

Σ Previous cones (ln)
P. halepensis canopy

(x + x2)

Int. −4.7882
Pr.a 0.9022
Pr.b 0.2244

Pr.b2 −0.0062

Int. 1.89764
Pr.a 0.24202
Pr.b 0.07978

Pr.b2 0.002129

Int. 0.011627 *
Pr.a 0.000193 ***
Pr.b 0.004920 **

Pr.b2 0.003706 **

Pr.a 1.0158
Pr.b 7.9568
Pr.b2 7.9198

134.91 52.97

Recruitment data collected in 2018 were used to study the early effects of the ex-
periment. The only significant explanatory variable for the observed recruitment in that
year was the number of drainage flow lines (Table 8). The importance of this variable is
very significant for this first year’s recruitment. In addition, it shows preferences for two
environmental scenarios: (i) convex areas of limited ecological competition with pine (low
number of flow lines) and (ii) moderately concave areas (medium to high number of flow
lines).

Table 8. Single predictor negative binomial GLM model obtained for early recruitment (2018). Int.:
intercept, Pr.: predictor, Pr.2: quadratic predictor. Significance codes: * < 0.05.

Year Predictor Coefficient p-Value AIC Deviance

2018
(recruitment)

Σ Flow lines
(x + x2)

Int. 1.4662283
Pr. −0.0749441
Pr.2 0.004082

Int. 0.0303 *
Pr. 0.0235 *
Pr.2 0.0104 *

64.864 43.47

4. Discussion

This experiment increased the light availability for Tetraclinis articulata through the
creation of gaps in a forest matrix dominated by Pinus halepensis. Increased direct solar
irradiation received by Tetraclinis specimens triggered their reproductive and recruitment
dynamics. These are characteristic responses of forest species in ecological competition
under favorable changing conditions [43,44].

Three events are triggered after the reduction of pine canopy: (i) reproductively
active T. articulata population increases, (ii) cone production and thus the number of
available seeds rises, and (iii) population recruitment increases. These events begin when
competition for direct sunlight decreases and they follow a sequential pattern.

First response to the decreased light competition is the increase of reproductive
specimens during the first year after the experiment. Results of the BACI analysis suggest
that increasing of solar irradiation seems to have direct repercussions in reproductive
dynamics of T. articulata. Indeed, the number of reproductive specimens significantly
increased only one year after the experiment. Increased production is a pattern previously
observed in conifers exposed to direct solar irradiation [14,15]. Observed variations in the
reproductive behavior curve after the experiment suggest that specimens with a diameter
of 10–15 cm were activated from reproductive dormancy. The behavior of these specimens
was comparable to those populations without Pinus halepensis competition [32].

It is known that competitive relationships can lead to morphological and biochemical
responses in plants [45,46]. Under low direct solar irradiation conditions (shaded areas), T.
articulata specimens tend to respond unfavorably to Aleppo pine presence [28,31], even
affecting their reproductive maturation. Delay or absence of reproductive activity in trees
located in shaded areas has been previously highlighted in the past [16–20]. Though
there was no previous clear evidence in this regard for T. articulata, increased direct solar
irradiation received by the specimens has immediately stimulated their reproductive and
recruitment dynamics.
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The second response is the increase in cone production, which is already noticeable
in 2018 but is reflected demographically in 2019’s observed recruitment. The effect of
increased light on 2018 cone production results in those specimens previously active almost
doubling their production rate per specimens (from 1445 to 2721). The new specimens that
joined the reproductive cycle in that same year also showed a similar increase in 2019 (from
597 to 950 production rate per specimen). It was in this last year when the effects of masting
became evident [13], with a reduction in the number of cone-producing specimens.

The third response is increased recruitment. This occurs already during the first year
after the intervention, but it is greater after two years (in 2019) and is related to the increase
in cone production observed during the previous year. Increased recruitment has already
been observed occurring in 2018, without a significant change in seed production. In this
case, the increased recruitment would be associated with an increased light availability.
Tetraclinis articulata seedlings are considered strongly heliophilous [32], so the observed
number of recruits in 2018 would correspond to higher availability of solar light. In contrast
to the findings of previous authors [28], no adverse effects on recruitment caused by pine
litter have been detected [47]. This is probably caused by the limited accumulation of pine
litter in the experimental plots.

In relation to the recruitment behavior observed the first year after the experiment
in relation to drainage flow lines, T. articulata presents two different trends. In shaded
areas in competition with Aleppo pine, the specimens are relegated to areas of low number
of flow lines with a high number of fissured rocks. In areas influenced by stronger solar
irradiation, the species needs to compensate for evapotranspiration and requires greater
water availability (a higher number of flow lines in the plots). This differential species
behavior has been previously described by other authors [31].

Several interesting responses have been found in the single predictor models obtained
in order to explain the observed recruitment and the initial number of T. articulata in the
experimental plots. As expected, the set of correlated variables associated with incident
radiance and tree canopy retained a very important weight in the number of total specimens
(2016) and recruitment (2019). The role played by this set of variables on the reproductive
activity becomes complex after the experiment. In 2019, direct solar irradiation had a strong
positive correlation with the reproductive activity initiation and cone production, but its
linear correlation with the recruitment is negative. Diffuse irradiance is apparently more
relevant for cone production and recruitment, although in the latter case the correlation
is not linear. The pine canopy is highly correlated to the solar irradiations (particularly
with diffuse), although it may have an added role in the interception and redistribution
of precipitation at the germination microsites [48]. Pine canopy is highly relevant during
the whole study period. This variable shows a maximized value for recruitment in 2019,
with a maximum level of 17%–18%. Without pine cover the recruitment of T. articulata is
frequent, while with 40%–50% of pine canopy the recruitment is null. This information
could be very useful in the management of these mixed-forests and also is consistent with
previous studies about this species [28,30]. Recruitment shows an exponential response to
the cone production, predominantly explained the observed recruitment in 2019. These
results are consistent with previous studies done in the same area [32].

The evolution of the variables in multiple predictor models is particularly interest-
ing. In the 2016 multiple regression model, the number of specimens depends on the
reproductive specimens and direct solar irradiation. This behavior is consistent with
previous T. articulata research [28] and demographic models of the southeastern Iberian
populations [32], where the number of adult specimens is the primary factor driving the
recruitment process. The linearity of the radiation and pine canopy cause its correlation to
be sufficient for only one of them to be included in the model. The 2019 recruitment model
explanation is absorbed by the previous year cone production and the pine cover. Diffuse
solar irradiation also appears to play a minor role following the entry of pine canopy in the
model. The quadratic behavior of these last two variables suggests them as modulators of
the recruitment response against the number of available seed.
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Obtained results highlight the capacity of T. articulata populations to thrive when gaps
are created in the pine canopy. This behavior is consistent with other studies that report
the species as a weak competitor compared to Aleppo pines [28,31]. The expected decline
of the Aleppo pines due to extreme drought events related to climate change may provide
a potential expansion opportunity for Tetraclinis populations in the Iberian southeast [5,12].
This experiment evidenced the solar light competition relation between both species, but
the recruitment of T. articulata improves in plots with reduced canopy cover of P. halepensis
(around 18%). Therefore, the initial competitive interaction between these species turns
into facilitation when the pine canopy is reduced. A trade-off between available light and
the water balance of the recruited seedlings may be the reason for this. The greater role
played by diffuse compared to direct irradiation during the recruitment process seems to
support this idea.

5. Conclusions

This experiment proves that competition for solar irradiation is a major factor con-
ditioning the reproductive activity of T. articulata. Interventions aimed at decreasing
competition with Aleppo pines triggered a reproductive response in only two years, in-
creasing the effective number of reproductive specimens and also the cone production.
Abundant recruitment of Tetraclinis has been observed with pine canopy cover around 18%,
while at 50% it is practically absent. Therefore, Pinus halepensis behavior changes from a
competitor to a facilitator species, increasing Tetraclinis articulata recruitment. After occupy-
ing the new microsites available during the first year, the recruitment of new specimens
appears to be dependent on the number of available seeds. This experiment illustrates the
high reproductive potential of T. articulata once gaps are created in the pine canopy, an
expected scenario according to available climate change model predictions. However, gaps
in the pine canopy may not overlap with Tetraclinis specimens, so this substitution process
should be facilitated through appropriate forest management strategies. These findings
may be very useful for the development of management and conservation measures for
the European populations of this species in the southeast of the Iberian Peninsula, as well
as improving the resilience of these forests to drought events and climate change.

Author Contributions: J.M.M.-P. participated in the collection of the data and the development of
solar irradiation models. M.F.C. participated in the BACI analysis design. M.Á.E.-S. contributed to
the experimental design. All authors contributed to the analysis of results, provided editorial advice,
and participated in the review process. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Publicly available datasets were analyzed in this study. This data can
be found here: https://github.com/jmmp83/Forest_Tetraclinis_data, accessed on 1 March 2021.

Acknowledgments: This work was supported by the LIFE13 NAT/ES/00436 project (Conservation
of the habitat 9570* Tetraclinis articulata forest in the European continent). The authors would like to
thank Jose Antonio Palazón for his support and the following for their invaluable assistance in the
data collection process: Isabel Hernández García, Pablo Montoya Bernabéu, Jesús Muñoz Parra, Aixa
Mª Morata Uceda. We would also like to thank the reviewers for their invaluable suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

https://github.com/jmmp83/Forest_Tetraclinis_data


Forests 2021, 12, 487 12 of 13

References
1. Intergovernmental Panel on Climate Change. Climate Change 2013—The Physical Science Basis: Working Group I Contribution to

the Fifth Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2014.
[CrossRef]

2. Beniston, M.; Stephenson, D.B.; Christensen, O.B.; Ferro, A.T.; Frei, C.; Goyette, S.; Halsnaes, K.; Holt, T.; Jylhä, K.; Koffi, B.; et al.
Future extreme events in European climate: An exploration of regional climate model projections. Clim. Chang. 2007, 81, 71–95.
[CrossRef]

3. Blenkinsop, S.; Fowler, H.J. Changes in European drought characteristics projected by the PRUDENCE regional climate models.
Int. J. Climatol. 2007, 27, 1595–1610. [CrossRef]

4. García, R.; Vilagrosa, A.; Alloza, J.A. Pine mortality in southeast Spain after an extreme dry and warm year: Interactions among
drought stress, carbohydrates and bark beetle attack. Trees 2015, 29, 1791–1804. [CrossRef]

5. Esteve-Selma, M.A.; Carreño-Fructuoso, M.F.; Moya-Pérez, J.M.; Montoya Bernabéu, P.F.; Martínez Fernández, J.; Pérez Navarro,
M.A.; Lloret, F. Respuesta de los bosques de Pinus halepensis del sureste ibérico al cambio climático: Los eventos de sequía extrema.
In El Clima: Aire, Agua, Tierra y Fuego, 1st ed.; Montávez, J.P., Gómez, J.J., López, J.M., Palacios, L., Turco, M., Jerez, S., Lorente,
R., Jiménez Guerrero, P., Eds.; Publicaciones de la Asociación Española de Climatología (AEC) Serie A, no. 11. NIPO. Coed;
Asociación Española de Climatología: Santander, Spain; Agencia Estatal de Meteorología: Leganés, Spain, 2018; pp. 1023–1033.
Available online: http://aeclim.org/wp-content/uploads/2019/07/1023-ESTEVE.pdf (accessed on 14 September 2020).

6. Pérez-Navarro, M.A.; Sapes, G.; Batllori, E.; Serra-Diaz, J.M.; Esteve, M.A.; Lloret, F. Climatic Suitability Derived from Species
Distribution Models Captures Community Responses to an Extreme Drought Episode. Ecosystems 2019, 22, 77–90. [CrossRef]

7. Lloret, F. Vulnerability and resilience of forest ecosystems to extreme drought episodes. Ecosistemas 2012, 21, 85–90. [CrossRef]
8. Dargie, T.C.D. An ordination analysis of vegetation patterns on topoclimate gradients in South-east Spain. J. Biogeogr. 1987, 14,

197–211. [CrossRef]
9. Chaparro, J. Distribución Potencial del Bosque y de Sus Especies Arbóreas en Zonas Mediterráneas Semiáridas: Modelos y

Aplicaciones. Ph.D. Thesis, University of Murcia, Murcia, Spain, 1996.
10. Esteve-Selma, M.A.; Chaparro, J.; Pardo, M.; Vives, R. Los sistemas forestales desde una perspectiva histórica: Las repoblaciones

forestales. In Los Recursos Naturales de la Región de Murcia: Un Análisis Interdisciplinar, 1st ed.; Esteve-Selma, M.A., Lloréns, M.,
Martínez Gallur, C., Eds.; EDITUM; University of Murcia: Murcia, Spain, 2003.

11. Oliveras, I.; Martínez-Vilalta, J.; Jimenez-Ortiz, T.; Lledó, M.J.; Escarré, A.; Piñol, J. Hydraulic properties of Pinus halepensis, Pinus
pinea and Tetraclinis articulata in a dune ecosystem of Eastern Spain. Plant Ecol. 2003, 169, 131–141. [CrossRef]

12. Esteve-Selma, M.A.; Martínez-Fernández, J.; Hernández-García, I.; Montávez, J.P.; López-Hernández, J.J.; Calvo, J.F. Potential
effects of climatic change on the distribution of Tetraclinis articulata, an endemic tree from arid Mediterranean ecosystems. Clim.
Chang. 2012, 113, 663–678. [CrossRef]

13. Esteve-Selma, M.A.; Moya-Pérez, J.M.; Navarro-Cano, J.A. Manual de Evaluación y Gestión del Hábitat 9570*: Bosques de Tetraclinis
Articulata, 1st ed.; Dirección General del Medio Natural, Región de Murcia: Murcia, Spain, 2019; p. 87. Available online: http://
www.murcianatural.carm.es/c/document_library/get_file?uuid=15ccbf52-1211-4174-bc86-5572c2f662bc&groupId=14 (accessed
on 10 November 2020).

14. Simpson, J.D.; Powell, G.R. Some Factors Influencing Cone Production on Young Black Spruce in New Brunswick. For. Chron.
1981, 57, 267–269. [CrossRef]

15. Despland, E.; Houle, G. Aspect influences cone abundance within the crown of Pinus banskiana Lamb. trees at the limit of the
species distribution in northern Quebec (Canada). Écoscience 1997, 4, 521–525. [CrossRef]

16. Nanda, K.K. Some observations on growth, branching behaviour and flowering of Teak (Tectona grandis LF.) in relation to light.
Indian For. 1962, 88, 207–218.

17. Chalupkla, W.; Giertych, M. Effect of polyethylene covers on the flowering of Norway spruce (Picea abies (L.) Karst.) grafts. Arbor.
Korn. 1977, 22, 185–191. [CrossRef]

18. Santos-del-Blanco, L.; Bonser, S.P.; Valladares, F.; Chambel, M.R.; Climent, J. Plasticity in reproduction and growth among 52
range-wide populations of a Mediterranean conifer: Adaptive responses to environmental stress. J. Evol. Biol. 2013, 26, 1912–1924.
[CrossRef] [PubMed]

19. Williams, C.G. Conifer Reproductive Biology, 1st ed.; Springer: Dordrecht, The Netherlands, 2009; p. 169. [CrossRef]
20. Day, M.E.; Greenwood, M.S. Regulation of ontogeny in temperate conifers. In Size- and Age-Related Changes in Tree Structure and

Function; Meinzer, F., Lachenbruch, B., Dawson, T., Eds.; Springer: Dordrecht, The Netherlands, 2011; Volume 4, pp. 91–119.
[CrossRef]

21. Nyman, B. Effect of red and far-red irradiation on the germination process in seeds of Pinus sylvestris L. Nature 1961, 191,
1219–1220. [CrossRef]

22. Loisel, R. Germination du pin d’Alep dans certaines associations végétales de Basse-Provence. Bull. Soc. Bot. Fr. 1967, 113,
324–330. [CrossRef]

23. Castro, J.; Zamora, R.; Hodar, J.A.; Gómez, J.M. Ecology of seed germination of Pinus sylvestris L. at its southern, Mediterranean
distribution range. For. Syst. 2005, 14, 143–152. [CrossRef]

24. Thanos, C.A.; Skordilis, A. The effects of light, temperature and osmotic stress on the germination of Pinus halepensis and Pinus
brutia seeds. Seed Sci. Technol. 1987, 15, 163–174.

http://doi.org/10.1017/CBO9781107415324
http://doi.org/10.1007/s10584-006-9226-z
http://doi.org/10.1002/joc.1538
http://doi.org/10.1007/s00468-015-1261-9
http://aeclim.org/wp-content/uploads/2019/07/1023-ESTEVE.pdf
http://doi.org/10.1007/s10021-018-0254-0
http://doi.org/10.7818/ECOS.2012.21-3.11
http://doi.org/10.2307/2844891
http://doi.org/10.1023/A:1026223516580
http://doi.org/10.1007/s10584-011-0378-0
http://www.murcianatural.carm.es/c/document_library/get_file?uuid=15ccbf52-1211-4174-bc86-5572c2f662bc&groupId=14
http://www.murcianatural.carm.es/c/document_library/get_file?uuid=15ccbf52-1211-4174-bc86-5572c2f662bc&groupId=14
http://doi.org/10.5558/tfc57267-6
http://doi.org/10.1080/11956860.1997.11682431
http://doi.org/10.1111/j.1399-3054.1982.tb00581.x
http://doi.org/10.1111/jeb.12187
http://www.ncbi.nlm.nih.gov/pubmed/23944274
http://doi.org/10.1007/978-1-4020-9602-0
http://doi.org/10.1007/978-94-007-1242-3_4
http://doi.org/10.1038/1911219a0
http://doi.org/10.1080/00378941.1966.10835531
http://doi.org/10.5424/srf/2005142-00879


Forests 2021, 12, 487 13 of 13

25. Masetti, C.; Mencuccini, M. Régénération naturelle du Pin pignon (Pinus pinea L.) dans la Pineta Granducale di Alberese (Parco
Naturale della Maremma, Toscana, Italie). Ecol. Mediterr. 1991, 17, 103–118. [CrossRef]

26. Skordilis, A.; Thanos, C.A. Seed stratification and germination strategy in the Mediterranean pines Pinus brutia and Pinus halepensis.
Seed Sci. Res. 1995, 5, 151–160. [CrossRef]

27. Escudero, A.; Perez-Garcia, F.; Luzurlaga, A.L. Effects of lights, temperature and population variability on the germination of
seven Spanish pines. Seed Sci. Res. 2002, 12, 261–271. [CrossRef]

28. Hadjadj Aoul, S.; Chouieb, M.; Loisel, R. Effet des facteurs environnementaux sur les premiers stades de la régénération naturelle
de Tetraclinis articulata (Vahl, Master) en Oranie, Algérie. Ecol. Mediterr. 2009, 35, 19–30. [CrossRef]

29. Haddouche, I.; Benhanifia, K.; Gacemi, M. Analyse spatiale de la régénération forestière postincendie de la forêt de Fergoug à
Mascara, Algérie. Bois For. Trop. 2011, 307, 23–31. [CrossRef]

30. Dallahi, Y.; Chahhou, D.; El Aboudi, A.; Aafi, A.; Abbas, Y.; Mounir, F.; Abidine, M.M.O. The dynamics of natural regeneration of
Tetraclinis articulata (Vahl) Masters in the Moroccan Central Plateau. Plant Sociol. 2017, 54, 37–41. [CrossRef]

31. Nicolás, M.J.; Esteve, M.A.; Palazón, J.A.; López-Hernández, J.J. Modelo sobre las preferencias de hábitat a escala local de
Tetraclinis articulata (Vahl) Masters en una población de su área de distribución. An. Biol. 2004, 26, 157–167. Available online:
https://revistas.um.es/analesbio/article/view/30571 (accessed on 3 November 2020).

32. Esteve Selma, M.A.; Montoya, P.; Moya, J.M.; Miñano, J.; Hernández, I.; Carrión, J.S.; Charco, J.; Fernández, S.; Munuera, M.;
Ochando, J. Tetraclinis Articulata: Biogeografía, Ecología, Amenazas y Conservación, 1st ed.; Dirección General de Medio Natural,
Región de Murcia: Murcia, Spain, 2017; p. 248. Available online: http://www.murcianatural.carm.es/c/document_library/get_
file?uuid=6eeb4eb9-b1d1-4695-81e3-49fea2a002e8&groupId=14 (accessed on 4 February 2021).

33. Petras, V.; Petrasova, A.; GRASS Development Team. Addon r.sun.daily. Geographic Resources Analysis Support System
(GRASS) Software, Version 7.8. 2021. Available online: https://grass.osgeo.org/grass78/manuals/addons/r.sun.daily.html
(accessed on 1 March 2021).

34. Barilotti, A.; Turco, S.; Alberti, G. LAI determination in forestry ecosystem by LiDAR data analysis. In Proceedings of the
International Workshop 3D Remote Sensing in Forestry, Vienna, Austria, 14–15 February 2006; Koukal, T., Scneider, W., Eds.;
Institute of Surveying, Remote Sensing and Land Information, University of Natural Resources and Applied Life Sciences
(BOKU): Vienna, Austria, 2006; pp. 259–263. Available online: https://boku.ac.at/fileadmin/data/H03000/H85000/H85700
/workshops/3drsforestry/Proceedings_3D_Remote_Sensing_2006_rev_20070129.pdf (accessed on 20 September 2020).

35. Bode, C.A.; Limm, M.P.; Power, M.E.; Finlay, J.C. Subcanopy solar radiation model: Predicting solar radiation across a heavily
vegetated landscape using LiDAR and GIS solar radiation models. Remote Sens. Environ. 2014, 154, 387–397. [CrossRef]

36. Mcgaughey, R.J. FUSION/LDV: Software for LIDAR data analysis and visualization; Version 4.20; USDA Forest Service, Pacific
Northwest Research Station: Seattle, WA, USA, 2021; Available online: http://forsys.cfr.washington.edu/fusion/fusionlatest.html
(accessed on 22 January 2021).

37. Green, R.H. Sampling Design and Statistical Methods for Environmental Biologists, 1st ed.; John Wiley & Sons: Chichester, UK, 1979.
38. Fox, J.; Weisberg, S.A. R Companion to Applied Regression, 3rd ed.; Sage: Thousand Oaks, CA, USA, 2019; Available online:

https://socialsciences.mcmaster.ca/jfox/Books/Companion/ (accessed on 16 July 2020).
39. Nelder, J.; Wedderburn, R. Generalized Linear Models. J. R. Stat. Soc. 1972, 135, 370–384. [CrossRef]
40. Venables, W.N.; Ripley, B.D. Modern Applied Statistics with S, 4th ed.; Springer: New York, NY, USA, 2002; Available online:

http://www.stats.ox.ac.uk/pub/MASS4/ (accessed on 20 June 2020).
41. Conrad, O.; Bechtel, B.; Bock, M.; Dietrich, H.; Fischer, E.; Gerlitz, L.; Wehberg, J.; Wichmann, V.; Böhner, J. System for Automated

Geoscientific Analyses (SAGA) v. 2.1.4. Geosci. Model. Dev. 2015, 8, 2271–2312. [CrossRef]
42. Akaike, H. Information Theory and an Extension of the Maximum Likelihood Principle. In Selected Papers of Hirotugu Akaike;

Parzen, E., Tanabe, K., Kitagawa, G., Eds.; Springer: New York, NY, USA, 1998. [CrossRef]
43. Messier, C.; Doucet, R.; Ruel, J.C.; Claveau, Y.; Kelly, C.; Lechowicz, M.J. Functional ecology of advance regeneration in relation to

light in boreal forests. Can. J. For. Res. 1999, 29, 812–823. [CrossRef]
44. Frochot, H.; Armand, G.; Gama, A.; Nouveau, M.; Wehrlen, L. La gestion de la vegetation accompagnatrice: État et perspective.

Rev. For. Fr. 2002, 54, 505–520. [CrossRef]
45. Novoplansky, A. Picking battles wisely: Plant behavior under competition. Plant. Cell Environ. 2009, 32, 726–741. [CrossRef]

[PubMed]
46. Yamawo, A. Relatedness of Neighboring Plants Alters the Expression of Indirect Defense Traits in an Extrafloral Nectary-Bearing

Plant. Evol. Biol. 2015, 42, 12–19. [CrossRef]
47. Moya-Pérez, J.M.; (University of Murcia, Murcia, Spain); Esteve-Selma, M.A.; (University of Murcia, Murcia, Spain). Personal

communication. 2020.
48. Belmonte-Serrato, F.; Romero-Díaz, A.; López-Bermúdez, F. Influence of the throughfall in the volume and water availability

distribution in the mediterranean scrubland. In Proceedings of the Conference on Erosion and Land Degradation in the
Mediterranean, Aveiro, Portugal, 14–18 June 1995; pp. 531–541.

http://doi.org/10.3406/ecmed.1991.1693
http://doi.org/10.1017/S0960258500002774
http://doi.org/10.1079/SSR2002116
http://doi.org/10.3406/ecmed.2009.1385
http://doi.org/10.19182/bft2011.307.a20478
http://doi.org/10.7338/pls2017542/04
https://revistas.um.es/analesbio/article/view/30571
http://www.murcianatural.carm.es/c/document_library/get_file?uuid=6eeb4eb9-b1d1-4695-81e3-49fea2a002e8&groupId=14
http://www.murcianatural.carm.es/c/document_library/get_file?uuid=6eeb4eb9-b1d1-4695-81e3-49fea2a002e8&groupId=14
https://grass.osgeo.org/grass78/manuals/addons/r.sun.daily.html
https://boku.ac.at/fileadmin/data/H03000/H85000/H85700/workshops/3drsforestry/Proceedings_3D_Remote_Sensing_2006_rev_20070129.pdf
https://boku.ac.at/fileadmin/data/H03000/H85000/H85700/workshops/3drsforestry/Proceedings_3D_Remote_Sensing_2006_rev_20070129.pdf
http://doi.org/10.1016/j.rse.2014.01.028
http://forsys.cfr.washington.edu/fusion/fusionlatest.html
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
http://doi.org/10.2307/2344614
http://www.stats.ox.ac.uk/pub/MASS4/
http://doi.org/10.5194/gmd-8-1991-2015
http://doi.org/10.1007/978-1-4612-1694-0_15
http://doi.org/10.1139/x99-070
http://doi.org/10.4267/2042/4939
http://doi.org/10.1111/j.1365-3040.2009.01979.x
http://www.ncbi.nlm.nih.gov/pubmed/19389051
http://doi.org/10.1007/s11692-014-9295-2

	Introduction 
	Solar Irradiation and Reproduction 
	Interspecific Competition 

	Materials and Methods 
	Experimental Design 
	Data Collection 
	LiDAR-Based Light Model 
	BACI Analysis Design 
	Reproductive Status Variation 
	Demographic Response Observed in the Experimental Plots 

	Results 
	BACI Analysis 
	Observed Variations in the Reproductive Status 
	Demographic Response Analysis 

	Discussion 
	Conclusions 
	References

