

  forests-12-00487




forests-12-00487







Forests 2021, 12(4), 487; doi:10.3390/f12040487




Article



Enhancing the Resilience of a Mediterranean Forest to Extreme Drought Events and Climate Change: Pinus—Tetraclinis Forests in Europe



Juan Miguel Moya-Pérez *[image: Orcid], María Francisca Carreño and Miguel Ángel Esteve-Selma





Department of Ecology and Hydrology, Faculty of Biology, University of Murcia, 30100 Murcia, Spain









*



Correspondence: jmiguelmoyap@gmail.com







Academic Editor: Jose Antonio Navarro Cano



Received: 1 March 2021 / Accepted: 13 April 2021 / Published: 15 April 2021



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.
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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 [8,9,10]. 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 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 exclusively 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 [18,19,20]. 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 [21,22,23,24,25,26,27]. However, research on this topic for T. articulata is more recent [28,29,30]. 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 continent) 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.




2.2. Data Collection


Over the period 2016–2019, we collected diameter, reproductive status, cone production, 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 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. Explanatory 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.




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.



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.



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.



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).



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.



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).



Recruitment data collected in 2018 were used to study the early effects of the experiment. 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).





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 [16,17,18,19,20]. 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.



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 interesting. 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.



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 conditioning the reproductive activity of T. articulata. Interventions aimed at decreasing competition with Aleppo pines triggered a reproductive response in only two years, increasing 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 occupying 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.
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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). 
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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. 
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Figure 3. (a) Reproductive status probability in relation to diameter for 2016 (blue) and 2018 (red); (b) observed difference between both reproductive probability curves. 
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Figure 4. Fitted negative binomial GLM for significant variables (left: 2016, right: 2019). (a) Direct irradiation, (b) previous year cone production, (c,d) diffuse irradiation, and (e,f) Pinus halepensis canopy. 
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Table 1. Pine canopy cover ranges in the intervened plots before (2016) and after (2018) the experiment.
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	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
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Table 2. ANOVA test results of the BACI analysis. Significance codes: * < 0.05, ** < 0.01.
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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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Table 3. Observed changes in the main reproductive parameters. * Among these specimens, 11 were from 2017 and 30 from 2018.
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	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
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Table 4. GLM binomial models results for reproductive maturation in Tetraclinis articulata. Int.: intercept, Pr.: predictor. Significance codes: *** < 0.001.
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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 ***











[image: Table] 





Table 5. Pearson’s correlation indices of the predictors used to study the demographic response before (2016) and after (2019) the experiment.
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	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
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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.
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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
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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.






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
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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.
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	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
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