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ABSTRACT
Despite noticeable concern about the deforestation rate worldwide, the forest surface in Europe has considerably expanded over the past centuries as a consequence of the rural exodus and abandonment of agrarian practices. Tree recruitment associated with forest regrowth is a multi-stage process influenced by several biotic and abiotic factors. Yet, it is uncertain whether their influence on recruitment patterns and dynamics varies along a gradient of forest expansion. Similarly, for dioceious species, the influence of tree sex in recruitment is not entirely understood. Here, we aim to elucidate what drives Spanish juniper recruitment in expanding forests. Specifically, we hypothesized that facilitation by conspecifics and other woody species would occur at the expanding front, where environmental conditions are harsher and that recruitment would be preferably associated to female trees because of the likelihood of mature cones produced by them germinating in the nearby area. The study was conducted in Mediterranean forests of Juniperus thurifera in central Spain. A total of 17 plots were delimited along a gradient of forest expansion including: i) old forests, ii) an intermediate zone and iii) novel forests at the expanding front. Within each plot all J. thurifera individuals (saplings and adults) were mapped. We also recorded bio-volumetric characteristics and tree sex for all adult trees and estimated the percentage of cover of woody species within the area of influence of each adult individual. We analysed the spatial pattern of J. thurifera individuals for each stand (plot). Using a novel spatial approach, we evaluated how conspecific (female and male tree sizes) and heterospecific (woody cover) vegetation influenced sapling density along a forest expansion gradient. We also studied the effects of the stage of the forest expansion gradient and the sex of adult trees on the spatial association between adults and saplings. Our results showed that sapling recruitment was negatively influenced by conspecific adult size along the whole gradient, while the effect of heterospecific woody vegetation was always positive. Conspecific facilitation of recruitment in J. thurifera forests occurred at their expanding front where saplings were associated to male adult trees. Despite having been overlooked in conservation policies, recently colonised areas in extreme environments are key targets to implement management measures aimed at achieving forest restoration, which aligns with the Aichi targets and the biodiversity policies of the European Union.
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INTRODUCTION
In our path to a decarbonised economy, forest regrowth is known to play a central role in climate change mitigation through carbon sequestration (Cook-Patton et al., 2020; Martín-Forés et al., 2020). Thus, conservation efforts in Europe highlight the importance of managing forests sustainably (reflected in the global Aichi targets and aligning with the EU’s biodiversity policy at all levels; CBD 2010; Storch and Winkel, 2013), especially those included in the Natura 2000 network (European Commission, 2013; de Koning et al. 2014). The European Green Deal recognised forests as crucial carbon sinks as far as they capture up to 12% of CO2 anthropogenic emissions (Janssens et al., 2003). However, this regulation service that forest ecosystems provide cannot be recovered through large scale afforestation projects (Bastin et al., 2019); in fact, in historically transformed forests, carbon sequestration hardly depends on forest management practices, being actually related to conservational and assisting natural regeneration and recruitment (FAO 2010; d’Annunzio et al., 2015; Cook-Patton et al., 2020).
Land use change has been pointed out as one of the major drivers of global change (Vitousek, 1994; Valladares et al., 2019). In the Mediterranean Basin, due to an increase in socio-economic prosperity, a process of rural exodus towards urban areas has taken place over the past decades (Lepart & Debussche, 1992). Rural exodus has diminished agricultural workforce especially in less productive areas (Müller et al., 2009; Baumann et al., 2011), resulting in an abandonment of former agrarian fields and the subsequent expansion of the adjacent forest and shrubs over them (Schröter et al., 2005; Rousenvell et al., 2006; Chauchard et al., 2007; Rey Benayas et al., 2007; Hampe et al. 2020). This forest expansion has led to an increase of natural carbon sinks (Martín-Forés et al., 2020). 
Within this scenario, some conservation and management practices have been oriented to passively assist natural regeneration through a gradual forest regrowth (including both expansion and densification; Holl & Aide, 2011; Martín-Forés et al. 2020). This passive restoration process, also known as rewilding, may have beneficial effects beyond carbon sequestration, such as habitat provision for biodiversity and the control of erosion rates (Sandom et al., 2013; Pereira & Navarro, 2015). The establishment of those functional connections at landscape scale is related to forest expansion towards former old fields, which is intricately linked with the successful recruitment of seedlings (Murphy & Lovett-Doust, 2004). 
Recruitment of new individuals is a complex and multi-stage process, which is driven by a combination of abiotic and biotic factors (Pulido et al., 2010). In Mediterranean-climate regions, abiotic factors such as temperature, water availability, drought events, irradiance and soil moisture, strongly determine the suitable environmental conditions for successful seed germination and seedling establishment and survival (Sánchez-Gómez et al., 2006). This process encompasses successful fecundity, mast events (Pías et al., 2014), effective seed dispersion, as well as the effect of biotic interactions with the nearby vegetation, which can either facilitate or hinder seedling establishment (Gworek et al., 2007).
Competition or facilitation processes affecting seedling establishment in expanding forests can be driven by both resource availability and density-dependency mechanisms (e.g. being affected by the presence and amount of conspecific adult trees; Miriti et al, 2006). In fact, the effective density experienced by an individual depends on the location and size of its immediate neighbours (Kenkel, 1988). In this sense, tree architecture of dominant conspecific trees has been seen to play an important role in density-dependency mechanisms (Chen et al. 2018). In the case of dioecious tree species, sex-dependent spatial patterns and neighbouring effects have been reported (Nanami et al., 2005); besides, sex ratio might also be determinant for recruitment patterns as saplings can establish differentially in the proximity of male or female adult trees (Verdú & García‐Fayos, 2007). 
In environments with high resource supply, reduced survival rates of seeds and seedlings have been seen associated with closeness to conspecific adults as a result of negative density-dependence (NDD; Chesson, 2000; Bai et al. 2012) or the Janzen-Connell model (Janzel, 1970; Connell, 1971; Terborgh, 2020). In contrast, in stressful environments, such as semi-arid Mediterranean forests, it is common that facilitation mechanisms predominate (Pugnaire & Luque, 2001; Maestre et al., 2003). Facilitation can occur through the formation of ‘resource islands’ under tree canopies, by ameliorating harsh microclimate conditions typical from semi-arid Mediterranean ecosystems, including improving soil moisture, increasing soil nutrients and microbial activity, and reducing high temperatures and irradiance levels (Moro et al., 1997; Caldeira et al., 2014). For example, it has been reported that female trees of Juniperus sabina have a nurse effect for seedlings of Juniperus communis (Verdú & García‐Fayos, 2003). 
In fact, the spatial pattern of seedlings, saplings and adult trees are usually employed to assess the ecological processes responsible of forest dynamics (McIntire & Fajardo 2009). Regular spatial patterns normally reflect strong competition, whereas processes underlying aggregated or clumped distributions are more complex to unravel (Kenkel, 1988), and can be due to facilitation mechanisms or perch-effect (Pausas et al. 2006). Spatial patterns can also vary associated with the forest regrowth process; for example, in boreal forests, clustered or aggregated patterns occurred at early phases of the forest ontogeny, and more regular patterns due to self-thinning towards light competition are displayed later on (Kenkel, 1988). However, for semi-arid Mediterranean forests, it is uncertain whether the abiotic and biotic factors influencing tree recruitment and therefore spatial patterns remain constant along the process of forest regrowth (e.g., along a gradient of forest expansion). This information would be useful to improve sustainable management of these abandoned rural areas allowing a faster recovery of the forest dynamic and functionality. 
[bookmark: _Hlk82599170]Spanish juniper (Juniperus thurifera L.)  forests are recognized within the 2000 Natura Network as a priority habitat for conservation, so they inherently constitute an important historical-cultural legacy in the centre of Spain (Olano et al., 2008; Escribano-Ávila et al., 2012; Pías et al., 2014). Spanish juniper forests constitute a great context to study forest regrowth towards colonisation of abandoned old fields driven by sapling recruitment. Most of these forests are located in areas where the processes of land abandonment occurring since the 1960s (Milanova, 2005) have been most accentuated, which have triggered their regrowth (Gimeno et al., 2012). 
[bookmark: _Hlk82514703]Our main goal was to unravel the processes affecting the regrowth of Spanish juniper (Juniperus thurifera L.) forests along a gradient of forest expansion. Specifically, we aimed i) to elucidate which biotic factors drive the recruitment (i.e. sapling intensity) in semi-arid forest regrowth of J. thurifera, and ii) to elucidate how the spatial pattern of J. thurifera recruits associate to adults of different sex along the forest expansion gradient. Among the biotic factors, we considered both conspecific (i.e., male and female adult trees) and heterospecific (e.g. surrounding woody vegetation cover) interactions. It has been reported that at the expanding fronts of J. thurifera forests, environmental conditions are harsher than in old stands (e.g. more rocky soils, lower retention capacity and greater radiation due to lower vegetation, among others; Close et al., 2003; Acuña-Míguez et al., 2020). We expected that the intensity (i.e., density) of saplings would be larger associated with greater cover of woody vegetation, due to interspecific facilitation on new individuals’ recruitment via providing protection for the extreme temperatures and wind conditions of the area of study. We also hypothesized that the spatial pattern of J. thurifera saplings would be associated with adult trees at the expanding front due to intraspecific facilitation processes causing resource islands for recruitment where the conditions are harsher. Finally, we expected this sapling-adult association to be stronger for female adult trees than for male trees due to the fact that females produce mature cones and therefore seeds will be more likely dispersed around female tree canopies.
[bookmark: _Hlk82514238]We tested these hypotheses using new methods for the analysis of replicated point patterns (Baddeley et al., 2015; Ramón et al. 2016), which allow testing hypotheses about the factors influencing spatial patterns under a replicated, design-based sampling scheme.  This is the first time that such convenient approach is used for studying recruitment patterns. 
Our results inform processes occurring in novel regrowing forests of J. thurifera, which could help better designing and leveraging conservation strategies towards passive restoration of these forests included in the Nature 2000 network. This in turn will help achieving forest surface increase and climate change mitigation.

METHODS
Study species and area
Juniperus thurifera (Cupressaceae) is a tree species endemic to the Western Mediterranean Basin, with a relict Tertiary distribution, confined mainly to high altitude Mediterranean-climate areas of the Iberian Peninsula and Morocco (Terrab et al., 2008). 
Juniperus thurifera is usually the dominant species in low-density open forests with a climate ranging from semi-arid to sub-humid Mediterranean-types (Gauquelin et al., 1999). It is adapted to grow on harsh environmental conditions, including high levels of incident radiation, severe drought and rocky, shallow and poor-nutrient soils (Montesinos et al., 2010). Juniper trees normally reach 5-10 m tall and have a pyramidal crown shape with scaly leaves. Juniperus thurifera is a dioecious species, both males and females flower during late winter and wind-pollinated female cones mature for over a year until they ripen. Masting episodes are common for this species; thus, fruit production results highly variable over time (Montesinos et al., 2012; Mezquida & Olano 2013; Mezquida et al., 2016). Mature female cones are dispersed by endozoochory, mainly by birds such as thrushes (Turdus sp.) and some mammals, including red foxes (Vulpes vulpes), rabbits (Oryctolagus cuniculus) and domestic goats and sheep (Santos et al., 1999; Escribano-Ávila et al. 2012). 
Our study was conducted in three sites in the Alto Tajo Natural Park and the surrounding areas (Guadalajara, central Spain; supplemental figure S1; supplemental table S2). The climate in the area is continental Mediterranean, characterised by hot and dry summers and cold winters. Altitude of the sites ranges from 1000 to 1300 meters above sea level; the mean total annual rainfall ranges between 565 and 640 mm, the mean annual temperature ranges between 10 and 12 ᴏC (Ninyerola et al., 2005). In all the study area, the population of J. thurifera were traditionally decimated by timber extraction and forest clearance for agriculture and extensive livestock grazing (Gimeno et al., 2012). Over the last half century, these practices have ceased or at least considerably decreased allowing the recolonization of previously deforested areas and therefore reversing land-use changes. 

Experimental design
[bookmark: _Hlk82599360]We selected 17 plots along a forest expansion gradient. We considered three different stages along the forest expansion gradient: (i) the core-forest of juniper, consisting of old forests characterised by a denser matrix of adult trees with age distribution spanning different generations; (ii) an intermediate zone between the edge of the core-forest and the area of recent colonisation; and finally (iii) expanding fronts, i.e., more open novel forests on former old-fields that have been recently colonised. The three forest expansion stages (hereafter referred as forest stages) could readily be distinguished in the J. thurifera forests thanks to the large spatial dimension of its expansion, which has originated discernible ‘recolonization waves’ spanning up to a few kilometers. In addition, the assignment of individual study plots to the different forest stages was confirmed based on a series of aerial photographs dating back to 1950s (see Villellas et al., 2020 for further information), thus stands considered old forests already existed prior to 1950s. This experimental design was replicated in three different locations in the study area encompassing a total of 7 plots in Maranchón, 5 plots in Huertahernando and 5 plots in Ribarredonda (supplemental figure S1; supplemental table S2). All forest expansion stages were represented in each of the sites, resulting in a total of 5 plots for the old forests, 6 plots for intermediate zone and 6 plots for expanding fronts. Selected plots differed in their surface, ranging from 0.35 to 1.85 ha; plots located at the expanding front were generally larger due to its lower density in order to achieve a minimum number of 35 adult trees. 

Data collection
In each plot, we mapped all J. thurifera adult trees and saplings, recording their coordinates with a DGPS (Trimble GeoXT GeoExplorer 2008) with a spatial accuracy of at least 80 cm. We considered adult trees all individuals higher than 1.40 m, and which trunk diameter at breast height (1.3 m; hereafter dbh) was equal or greater than 3 cm, because this was the minimum size for which we found them to be reproductive. Note, however, that not all the individuals ≥ 3 cm were already reproductive; thus, those adults not displaying male flowers or female cones were recorded as non-reproductive. Accordingly, those individuals taller than 5 cm and lower than 1.40 m or with a dbh lower than 3 cm were considered saplings. Recently emerged seedlings, which were not yet filtered by the summer mortality event characteristic of Mediterranean-climate regions (Gomez-Aparicio et al., 2008) were discarded.
For each adult tree, we measured several size traits: dbh or quadratic diameter (Curtis & Marshall 2000) for mono and multi-stemmed trees, respectively (hereafter both named as dbh for simplicity); maximum tree height (using a hypsometer-Haglof Vertex IV) and the crown diameter (the average of the largest crown diameter and the diameter perpendicular to it, both measured with a DME-distance measurer Haglöf Sweden). We also measured some architecture-related traits, including the number of stems, the percentage of tree height at which the first branch was located, and two qualitative indices: one of tree straightness (estimated with a scale ranging from 1 to 5, being 1 very twisted and 5 very straight) and other of branching angle (estimated with a scale ranging from 1 to 5, using 1 for very acute angle and 5 for branches hanging down). We recorded adult tree sex (male, female or non-reproductive) and assigned a phytosanitary status (estimated with a semi quantitative scale from 0 to 4; see supplemental table S3 and Acuña-Míguez et al. 2020 for details). We also calculated the area of influence of each adult tree as the circular surface around each individual which radius equal to twice the average crown diameter (see Acuña-Míguez et al., 2020 for details). In the area of influence of each adult tree, we visually estimated the percentage of cover occupied by heterospecific woody species.
For each plot, we build also three rasters (1 x 1 m pixel size) to describe the spatial variation of female and male tree sizes, and vegetation cover. These rasters were Gaussian kernel smoothed estimates (banwidth = 10 m) computed with the Smooth.ppp function of the spatstat package (Baddeley et al., 2015). 

Data analyses
Differences among stages of the gradient of forest expansion 
We used Kruskal-Wallis tests to explore differences in tree density, individual tree size and woody vegetation among the three forest stages. Thus, we explored differences in tree densities, sex (male vs. female) and life-stage (adult vs. sapling) ratios, and we tested for differences in tree size (i.e. the log-transformed dbh, tree height, average crown diameter, and tree age) as well as in vegetation cover (i.e. cover of heterospecific woody species). When there were significant differences among forest stages, we conducted Dunn’s non-parametric all-pairs comparison to test for differences between pairs of forest stages. We adjusted p-values with Bonferroni correction. These analyses were performed with the functions kruskalTest and kwAllPairsDunnTest from the PMCMRplus package (Pohlert, 2020). 

Factors determining the intensity of saplings
We analysed which biotic and abiotic factors influenced sapling intensity (i.e., density) at plot level. For that, we fitted an inhomogeneous Poisson process (Baddeley et al. 2015) to the intensity of saplings. We included as explanatory variables the forest stage, the rasters describing the influence of the size of neighbour male and female trees, and the woody vegetation cover, and also the interactions of all explanatory variables.  We compared a set of possible models differing in the structure of fixed effects, and we selected the best-fit model (i.e., the one with the lowest Akaike Information Criterion, AIC; supplemental table S4). The Poisson models were fitted with the mppm function of the spatstat package, which allows fitting spatial point process models to replicated spatial point patterns. 

Association between adults and saplings.
For each plot, we estimated the spatial association between saplings and adult trees using the multitype Kij function (Lotwick & Silverman, 1982). In a multitype point pattern, where λj is the intensity of points of type j, λjKij(r), measures the expected number of type j points within a circle of radius r around an arbitrary point of type i. We calculated two types of Kij functions. First, to study the association between adults (a) and saplings (s) (regardless the sex of the adult trees) we computed Kas(r). Then to evaluate whether the association between adults and saplings depended on the sex of the adult trees, we computed Kms(r) and Kfs(r) (for male and female trees, respectively). In all cases, Kij(r) was estimated from r = 0.1 up to r = 15.0 m, with 0.1 m steps, using the isotropic correction to account for edge effects (Baddeley et al., 2015). 
[bookmark: _Hlk82596305]To assess whether the association between saplings and trees (Kas) depended on the stage along the gradient of forest expansion, we conducted a one-way ANOVA-like analysis (Diggle et al. 1991). This analysis compares the variability of the observed K functions among the levels of a treatment factor (in this case, the stage along the forest expansion gradient). After finding significant differences among stages we performed a post-hoc analysis to test for differences in the association between pairs of stages of the gradient of forest expansion. We adjusted the p-values using the false discovery rate (Benjamini & Hochberg 1991) to account for multiple testing. 
To assess whether the association between saplings and trees depended on tree sex (i.e., Kms and Kfs) and whether this dependence varied across forest expansion stages, we performed a two-way ANOVA-like analysis (Ramón et al., 2016). This is similar to the one-way ANOVA but allows testing the significance of the interaction between the two factors considered (tree sex and forest stage). 
For these analyses, we used the function K2w from the repplicatedpp2w package (Ramón et al., 2016) which tests the effects of the interaction of two factors (i.e. forest stage and sex of the adult tree) on the spatial structure of replicated point patterns. 
When sex had an effect on seedling recruitment, we conducted Wilcoxon rank sum tests in order to unveil differences in tree architecture-related traits between male and female adult trees at a certain forest stage. We conducted all the analyses in R v 4.0.3 (R Core Team 2020).
	
RESULTS
A total of 1530 individuals (816 adults and 714 saplings) were mapped in the 17 plots. Total tree density, as well as adults' and saplings' densities decreased along the gradient of forest expansion. Higher densities were found in old forests, while the proportion of saplings (calculated as the quotient between the number of saplings and the number of total juniper individuals) increased towards expanding fronts (Table 1; Supplemental figure S2). In every forest stage, there were more male than female trees (Table 1). In comparison with the other forest stages, adult trees had greater sizes (i.e. greater dbh, height and average crown diameter) and worse phytosanitary status at old forest plots (Table 2). Finally, woody vegetation has larger coverage at the expanding front than in old stands (χ2 = 6.5, p-value > 0.05).

Table 1. Mean values and standard errors of the number and density of Juniperus thurifera individuals for each stage of the forest expansion gradient.
	
	Old forests
	Intermediate zone
	Expanding front

	Total density (individuals/ha)
	205.0 ± 20.1
	153.7 ± 13.5
	64.9 ± 4.5

	Adults density (adults/ha)
	113.9 ± 3.8
	78.3 ± 6.3
	33.2 ± 2.4

	Saplings density (saplings/ha)
	91.1 ± 16.6
	75.4 ± 9.1
	31.7 ± 2.8

	Percentage of saplings (%) 
	36.1 ± 4.4
	45.1 ± 2.8
	47.5 ± 1.8

	Percentage of males (%)
	62.1 ± 0.9
	62.9 ± 1.8
	67.1 ± 1.3




Table 2. H statistic and significance for the Kruskal-Wallis test, and mean values and standard errors of the variables measured at tree level for each stage of the forest expansion gradient. Different letters indicate significant differences among stages from Kruskal-Wallis tests based on Dunn’s non-parametric all-pairs comparison test and adjusted p-values with Bonferroni correction. Significance levels (* < 0.05; ** <0.01; *** < 0.001).
	
	H (significance)
	Old forests
	Intermediate zone
	Expanding front

	Dbh (cm)
	81.8 ***
	20.4 ± 0.7a
	14.9 ± 0.5b
	11.6 ± 0.5c

	Height (m)
	130.9 ***
	5.4 ± 0.1a
	4.3 ± 0.1b
	3.8 ± 0.1c

	Average crown diameter (m) 
	63.8***
	5.0 ± 0.1a
	4.4 ± 0.1b
	3.7 ± 0.1c

	Phytosanitary status (0-4) 
	65.9 ***
	2.3 ± 0.1b
	2.7 ± 0.1a
	2.9 ± 0.1a

	%Woody vegetation
	6.5 *
	40.8 ± 1.1b
	42.5 ± 1.0ab
	43.6 ± 1.1a




Factors determining the intensity of saplings
The model which best described the variation in the intensity of saplings included male and female size, and the interaction between forest stage and woody vegetation cover as predictors. Sapling recruitment differed among stages (Table 3), being larger at the old forests (Table 1). Sapling intensity was negatively influenced by greater size of both male and female adult trees, while woody vegetation had a positive effect although differentially associated with the forest stages (Table 3).  


Table 3. Factors affecting the intensity of Juniperus thurifera saplings as resulted from the inhomogeneous Poisson models. Factors included were: stage along the forest expansion gradient (Stage), the average crown diameter of male and female adult trees (Male size and Female size, respectively), the percentage of cover of other woody species (Woody vegetation), as well as the interaction between stage and woody vegetation. Degrees of freedom (Df). Levels of significance whether the effect is positive or negative calculated with type II ANOVAs for each factor included in the model. Significance levels (* < 0.05; ** <0.01; *** < 0.001; ns: non-significant). NA: not applicable.
	
	Df
	Wald- χ2 (significance)
	Effect
	Estimate
	t (significance)

	Male size
	1
	51.05 (***) 
	(-)
	-0.266
	-4.72 (***)

	Female size
	1
	13.11 (***) 
	(-)
	-0.134
	-2.39(*)

	Stage
	2
	19.91 (***)
	
	NA
	NA

	Woody vegetation 
	1
	14.58 (***) 
	(+)
	0.019
	2.52 (*)

	Woody vegetation * Stage
	2
	41.23 (***) 
	(+)
	NA
	NA




Association between adults and saplings.
When performing the one-way ANOVA-like analysis considering adult trees regardless their sex, we found a significant effect of the stage of the gradient of forest expansion (p = 0.012), with saplings being associated with adult trees only at the expanding front. This association occurred at a certain distance from the adult tree (approximately from four meters onwards; Fig. 1a). We observed significant differences between the expanding front and the intermediate zone (p = 0.039) and marginally significant between the expanding front and the old forest stands (p = 0.059), whereas no significant differences were found between the intermediate zone and the old stands (p = 0.484) (Supplemental figure S3).
In the two-way ANOVA-like analysis, we found a significant effect of the interaction between forest stage and tree sex (p = 0.031). In comparison with other forest stages, at the expanding front, saplings recruited more frequently at a certain distance (r > 5 m) around male adult trees (Fig. 1b). This association of saplings to males at the expanding front was not related to differences in size, architectural traits and phytosanitary status between male and female adult trees at the expanding front (Supplemental table S3). 
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Fig. 1. Results of the two-way ANOVA-like analysis. Instead of Kij(r) functions, we represent the linearized version Lij(r) = [Kij(r)/π]0.5- r (Dixon 2006). Coloured curves represent the weighted averages of the functions for each stage (a) or for the combination of sex and stage (b). Global: weighted average of the functions of all sex and stages. They measure the association between J. thurifera saplings (i) and adult (a) or either and male (M) and female (F) J. thurifera adults (j) in each forest stage (b). Positive Lij(r) values indicate positive spatial association while negative ones indicate spatial segregation.

DISCUSSION
Our results showed that in J. thurifera forests, conspecifics facilitate sapling recruitment at their expanding front, being juniper saplings associated to male adult trees. Sapling intensity appeared positively influenced by the cover of woody vegetation and negatively influenced by conspecific adult size, influences which were probably driven, respectively, by interspecific facilitation and intraspecific competition.
The environmental conditions of the Mediterranean juniper forest become harsher along the forest expansion gradient partially due to intrinsic characteristics of the forest physiognomy (smaller tree crown and lower juniper density at the expanding front; Acuña-Míguez et al 2020). Due to the increased canopy openness in the expanding front, the enhanced irradiance may induce photoinhibition (Close et al., 2003) and wind, frost and snow could affect saplings more strongly than in old stands due to reduced protection by existing vegetation (Acuña-Míguez et al. 2020). Consequently, ecological processes and biotic and abiotic factors driving recruitment vary differentially along this gradient, with facilitation predominating in more stressful environments with less availability of suitable microhabitats -typical of recently colonised old fields- (as has also been seen for other woody species; Flores & Jurado, 2003; Wu & Yang, 2013; Flinn & Marks, 2007). 
Regarding the factors influencing sapling intensity, the negative effect of both male and female tree sizes that we observed is in line with previous showing strong negative interactions between conspecific neighbours with increased size (Wright, 2002; Chen et al., 2018). Increased size of adult trees can trigger competition by limiting light and water resources, and therefore hindering seedling recruitment under their crowns (Comita & Hubbell, 2009). The fact that interspecific facilitation favoured sapling recruitment along the gradient may be related to the favourable microenvironmental conditions heterospecific woody vegetation provide, therefore protecting saplings from the harsh environmental conditions of the area (e. g. summer drought, wind and frost) and from being predated, and subsequently favouring their initial survival (Benavides et al., 2016). This trend has also been shown in the recruitment process of other tree species such as Quercus ilex that successfully recruited new individuals in shrub encroached areas (Pulido et al., 2010). Specifically, in our study plots we normally found vegetation patches of Genista scorpius (L.) DC. and J. thurifera individuals located together. This thorny species may have a positive effect on recruitment due to nitrogen fixation ability of leguminous shrubs, previously observed in other semiarid ecosystems in the south of Spain (Pugnaire et al, 1993). Moreover, other accompanying species such as Prunus spinosa L. and Rosa canina L. have also strong thorns, which may provide protection for herbivores in the early stages of sapling development (Gómez-Aparicio et al., 2004).  
Regarding the association between adults and saplings, our results suggest intraspecific facilitation of saplings recruitment mediated mainly by male adult trees only at the expanding front, where environmental conditions are harsher. This pattern of higher recruitment of individuals at a certain distance from a supposed nurse plant (i.e. from 5 meters onwards from male trees in our study) has been denominated ‘facilitation in the halo’ in an intra-specific context (Pescador et al. 2014). Note that the average crown diameter, at the expanding front is around 4 m (Table 2). This distance between recruited saplings and adult trees would permit a balance between the facilitation provided by the adult canopies –against the severe abiotic conditions at the expanding front– and the negative density-dependence among seedlings and direct competition with adults at closer locations. In fact, we found a consistent pattern along the whole gradient in which juniper saplings intensity decreased with the proximity to larger conspecific adult trees (both male and female), which points out to increased competitiveness when adult neighbours are bigger (Chen et al. 2018), diluting the process of ‘facilitation in the halo’. From a dynamic perspective, this recruiting pattern guarantees the colonization of empty spaces between adult trees (instead of clustering under the adult tree), and probably contributes to a faster forest regrowth. 
The sex-biased pattern of sapling attraction found around male adult trees at the expanding front is surprising as previous studies showed a female-biased spatial association in J. thurifera recruitment patterns (Montesinos et al., 2007; Verdú & García‐Fayos, 2007) as well as in other dioecious species such as Ceratiola ericoides (Gibson & Menges, 1994). In our study, this male-biased spatial association was not due to differences in size, morphology or phytosanitary differences between tree sexes (Supplemental table S3). As it occurs in other dioecious species, this sex-biased pattern of sapling attraction might be related to increased competition of female trees in comparison to males, including higher concentrations of secondary compounds and allelopathic defences (Cornelissen & Stiling, 2005) and enhanced root growth and resources allocation (Freeman et al., 1976; Dong et al., 2017). In the related Juniperus sabina, it is known that some physiological attributes vary between sexes with female individuals showing lower shoot water potential than male ones when associated to other individuals, thus reflecting greater competitive ability of female individuals (Verdú et al., 2004). This, together with the fact that seed predation increased under female J. thurifera (Hulme, 1994; Pías et al. 2014) points out to lower competitive ability of male juniper trees and the associated pattern between saplings and male adults at the expanding front. Due to the differences among sexes in favouring seedling recruitment in regrowing forests, it is important to consider tree sex ratio in gradients of forest expansion displaying differential environmental conditions (Tognetti, 2012).
[bookmark: _Hlk12793896]Our results shed light on the importance of focusing on the expanding front of juniper forests to fully comprehend recruitment patterns and their potential effect on forestry dynamics. Although these areas, with the presence of only some isolated adult individuals, have historically lacked ecological and conservational attention, centring conservation strategies in them could be key to increase both forest extension and climate change mitigation. It is in these former old fields, that have recently been colonised, where tree recruitment is mainly driven by biotic interactions (Cramer et al., 2008), existing a compromise between environmental harshness and key ecosystem processes such as facilitation by conspecifics. As a result, forest regrowth through increased and successful recruitment that appears hindered in old forests seems to be recovered at the expanding front. This buffer area where rural exodus and abandonment of low productive old fields permits forest regrowth (Rousenvell et al., 2006) needs to get noticed and be valued by the scientific community and the political sphere. Understanding the recruitment processes in these recently colonised areas and their role in the recovery of ecosystem functionality is crucial to better leverage conservation strategies and design appropriate restoration polices, which should be oriented to recover biotic functionality rather to amend abiotic constrains. 
[bookmark: _Hlk82600104]The fact that J. thurifera forests facilitate the recruitment of their individuals associated to male adult trees at their expanding front involves that these areas of recent colonisation that have been overlooked in conservation policies are potential targets to implement management measures. These measures can include those aimed at reversing habitat degradation, achieving the reduction of deforestation, as stated in the Aichi Targets, and in line with the biodiversity policies of the European Union. Likewise, modelling future scenarios of expanding forests and land-use changes in Europe will allow designing strategies to mitigate global change over forestry systems by recovering ecosystem functionality.

ACKNOWLEDGEMENTS
This work was made possible by the International Laboratory on Global Change LINCGlobal (www.lincg.uc-csic.es) and funding from the grants SPONFOREST (BiodivERsA3-2015-58, PCIN-2016-055, financed by the Spanish Research Agency (AEI) and the Spanish Ministry of Economy, Industry and Competitiveness (MINECO)), COMEDIAS (MINECO, CGL2017-83170-R) and REMEDINAL TE (Ref. TE-CM. S2018/EMT-4338, 2019-2023-Comunidad de Madrid). Coauthor CCB was supported by a postdoctoral fellowship from the Ramon Areces Foundation. We are especially grateful for the support provided by David López Quiroga, José Miguel Olano, Adrián Escudero, Pablo Álvarez García, Esteban Manrique, Eduardo Serna, Miguel Díaz Carro, Alicia Forner and Ludmila Aglai. We are also thankful to José Antonio Lozano, director of the Alto Tajo Natural Park, for making possible the permissions to sample in the area. Likewise, we would like to thank the local population of the sampled villages for their kindness.

AUTHORS’ CONTRIBUTIONS 
IMF and FV conceived the ideas and designed the sampling methodology; MC designed the spatial analyses; IMF and BAM collected the data; IMF, CCB and MC analysed the data; IMF led the writing of the manuscript and all authors contributed critically to the drafts and gave final approval for publication. 

DATA STATEMENT
The dataset will be published in a public repository upon the acceptance of the manuscript 

REFERENCES
Acuña-Míguez, B., Valladares, F., & Martín-Forés, I. (2020). Both mature patches and expanding areas of Juniperus thurifera forests are vulnerable to climate change but for different reasons. Forests, 11, 960. 
Avendaño Gonzalez, M., Badano, E. I., Ramírez Albores, J. E., & Flores Rivas, J. D. (2016). Differential allelopathy between genders of an invasive dioecious tree on desert plants. Botanical Sciences, 94, 253–262
Baddeley, A., Rubak, E. & Turner, R. (2015). Spatial Point Patterns: Methodology and Applications with R. London: Chapman and Hall/CRC Press, 2015. URL  http://www.crcpress.com/Spatial-Point-Patterns-Methodology-and-Applications-with-R/Baddeley-Rubak-Turner/9781482210200/
Bastin, J. F., Finegold, Y., Garcia, C., Mollicone, D., Rezende, M., Routh, D., ... Crowther, T. W. (2019). The global tree restoration potential. Science, 365, 76–79.
Baumann, M., Kuemmerle, T., Elbakidze, M., Ozdogan, M., Radeloff, V., Keuler, N., …  Hostert, P. (2011) Patterns and drivers of postsocialist farmland abandonment in Western Ukraine. Land Use Policy 28, 552–562.
Benavides, R., Escudero, A., Coll, L., Ferrandis, P., Ogaya, R., Gouriveau, F., ...  Valladares, F. (2016). Recruitment patterns of four tree species along elevation gradients in Mediterranean mountains: Not only climate matters. Forest Ecology and Management, 360, 287–296.
Bengtsson, J., Nilsson, S. G., Franc, A., & Menozzi, P. (2000) Biodiversity, disturbances, ecosystem function and management of European forests. Forest Ecology and Management, 132, 39–50.
Benjamini, Y. & Hochberg, Y. (1995). Controlling the false discovery rate: a practical and powerful approach to multiple testing. Journal of the Royal Statistical Society Series B, 57, 289–300.
Caldeira, M. C., Ibáñez, I., Nogueira, C., Bugalho, M. N., Lecomte, X., Moreira, A., & Pereira, J. S. (2014). Direct and indirect effects of tree canopy facilitation in the recruitment of Mediterranean oaks. Journal of Applied Ecology, 51, 349–358.
CBD (2010) COP 10 decision X/2 adoption of strategic plan for biodiversity 2011–2020, including the Aichi targets. In: Tenth meeting of the Conference of the Parties to the Convention on Biological Diversity held from 18 to 29 October in Nagoya, Japan.
Ceballos, L. & Ruíz de la Torre, J. (1979). Árboles y arbustos de la España peninsular, Escuela Técnica Superior de Ingenieros de Montes, Madrid. 
Chacón-Labella, J., De la Cruz, M., Vicuña, R., Tapia, K., & Escudero, A. (2014). Negative density dependence and environmental heterogeneity effects on tree ferns across succession in a tropical montane forest. Perspectives in Plant Ecology, Evolution and Systematics, 16, 52–63.
Chauchard, S., Carcaillet, C., & Guibal, F. (2007). Patterns of land-use abandonment control tree-recruitment and forest dynamics in mediterranean mountains. Ecosystems 10, 936–948.
Chen, L., Comita, L. S., Wright, S. J., Swenson, N. G., Zimmerman, J. K., Mi, X., ... Uriarte, M. (2018). Forest tree neighborhoods are structured more by negative conspecific density dependence than by interactions among closely related species. Ecography, 41, 1114–1123.
Close, D. C., Beadle, C. L., & Hovenden, M. J. (2003). Interactive effects of nitrogen and irradiance on sustained xanthophyll cycle engagement in Eucalyptus nitens leaves during winter. Oecologia, 134, 32–36. 
Cook-Patton, S.C., Leavitt, S.M., Gibbs, D., Harris, N.L., Lister, K., Anderson-Teixeira, K.J., Briggs, R.D., Chazdon, R.L., Crowther, T.W., Ellis, P.W., Griscom, H.P., Herrmann, V., Holl, K.D., Houghton, R.A., Larrosa, C., Lomax, G., Lucas, R., Madsen, P., Malhi, Y., Paquette, A., Parker, J.D., Paul, K., Routh, D., Roxburgh, S., Saatchi, S., van den Hoogen, J., Walker, W.S., Wheeler, C.E., Wood, S.A., Xu, L. & Griscom, B.W. (2020) Mapping carbon accumulation potential from global natural forest regrowth. Nature 585, 545–550.
Cornelissen, T., & Stiling, P. (2005). Gender‐biased herbivory: a meta‐analysis of the effects of gender on plant‐herbivore interactions. Oikos, 111, 488–500.
Cramer, V. A., Hobbs, R. J., & Standish, R. J. (2008). What's new about old fields? Land abandonment and ecosystem assembly. Trends in Ecology and Evolution, 23, 104–112. 
d’Annunzio, R., Sandker, M., Finegold, Y., & Min, Z. (2015) Projecting global forest area towards 2030. Forest Ecology and Management, 352, 124–133.
De la Cruz, M., Romao, R. L., Escudero, A., & Maestre, F. T. (2008). Where do seedlings go? A spatio‐temporal analysis of seedling mortality in a semi‐arid gypsophyte. Ecography, 31, 720–730. 
De Koning, J., Winkel, G., Sotirov, M., Blondet, M., Borras, L., Ferranti, F., & Geitzenauer, M. (2014). Natura 2000 and climate change—Polarisation, uncertainty, and pragmatism in discourses on forest conservation and management in Europe. Environmental Science & Policy, 39, 129–138. 
Diggle, P.J., Lange, N., Benes, F.M. (1991). Analysis of variance for replicated spatial point patterns in clinical neuroanatomy. Journal of the American Statistical Association, 86, 618–625.
Dixon, P. M. (2006). Ripley's K Function. Encyclopedia of Environmetrics, 5.
Dong, T., Li, J., Liao, Y., Chen, B. J., & Xu, X. (2017). Root-mediated gender recognition in a dioecious tree. Scientific Reports, 7, 801.
Escribano-Avila, G., Sanz-Pérez, V., Pías, B., Virgós, E., Escudero, A., & Valladares, F. (2012). Colonisation of abandoned land by Juniperus thurifera is mediated by the interaction of a diverse dispersal assemblage and environmental heterogeneity. PLoS One, 7, e46993.
European Commission (2013). Annual Report 2013 on the European Union’s Development and external assistance policies and their implementation in 2012. Luxembourg. 248pp.
FAO, 2010. Global Forest Resources Assessment 2010. FAO Forestry Paper 163, Rome. http://www.fao.org/docrep/013/i1757e/i1757e.pdf
Flinn, K., & Marks, P. (2007). Agricultural legacies in forest environments: tree communities, soil properties, and light availability. Ecological Applications, 17, 452–463. 
Flores, J., & Jurado, E. (2003). Are nurse-protégé interactions more common among plants from arid environments? Journal of Vegetation Science, 14, 911–916
Fox, J., & Weisberg, S. (2011). An {R} Companion to  Applied Regression, Second Edition. Thousand Oaks CA: Sage. URL: http://socserv.socsci.mcmaster.ca/jfox/Books/Companion 
Freeman, D. C., Klikoff, L. G., & Harper, K. T. (1976). Differential resource utilization by the genderes of dioecious plants. Science, 193, 597–599.
García, D., & Houle, G. (2005). Fine-scale patterns of recruitment in red oak (Quercus rubra): what matters most, abiotic or biotic factors? EcoScience 12, 223–235.
Gauquelin, T., Bertaudière-Montès, A., Badri, W., & Montès, N. (2002). Gender ratio and genderual dimorphism in mountain dioecious thuriferous juniper (Juniperus thurifera L., Cupressaceae). Botanical Journal of the Linnean Society, 138, 237–244.
Gibson, D. J., & Menges, E. S. (1994). Population structure and spatial pattern in the dioecious shrub Ceratiola ericoides. Journal of Vegetation Science, 5, 337–346.
Gimeno, T. E., Escudero, A., Delgado, A., & Valladares, F. (2012). Previous land use alters the effect of climate change and facilitation on expanding woodlands of Spanish juniper. Ecosystems, 15, 564–579.
Giraudoux, P. (2018). pgirmess: Spatial Analysis and Data  Mining for Field Ecologists. R package version 1.6.9.  https://CRAN.R-project.org/package=pgirmess
Gómez-Aparicio, L., Zamora, R., Gómez, J.M., Hódar, J.A., Castro, J., & Baraza, E. (2004). Applying plant facilitation to forest restoration: a meta-analysis of the use of shrubs as nurse plants. Ecological Applications, 14, 1128–1138.
Gomez-Aparicio, L., Perez-Ramos, I. M., Mendoza, I., Matias, L., Quero, J. L., Castro, J., … Maranon, T. (2008) Oak seedling survival and growth along resource gradients in Mediterranean forests: implications for regeneration in current and future environmental scenarios. Oikos, 117, 1683–1699. 
Gworek, J. R., Vander Wall, S. B., & Brussard, P. F. (2007). Changes in biotic interactions and climate determine recruitment of Jeffrey pine along an elevation gradient. Forest Ecology and Management, 239, 57–68.
Hampe, A., Alfaro-Sánchez, R., & Martín-Forés, I. (2020). Establishment of second-growth forests in human landscapes: ecological mechanisms and genetic consequences. Annals of Forest Science, 77, 1-5.
Holl, K. D., & Aide, T. M. (2011). When and where to actively restore ecosystems?. Forest Ecology and Management, 261, 1558–1563.
Howe, H. F., & Smallwood, J. (1982). Ecology of seed dispersal. Annual Review of Ecology and Systematics, 13, 201–228. 
Hulme, P. (1993). Post-dispersal seed predation by small mammals. Symposia Zoological Society of London, 65, 269–287. 
Hulme, P. (1994). Post-dispersal seed predation in grassland: its magnitude and sources of variation. Journal of Ecology, 82, 645–652.
Janssens, I. A., Freibauer, A., Ciais, P., Smith, P., Nabuurs, G. J., Folberth, G., ... & Valentini, R. (2003). Europe's terrestrial biosphere absorbs 7 to 12% of European anthropogenic CO2 emissions. Science, 300, 1538–1542.
Kaltz, O., & Shykoff, J.A. (2001). Male and female Silene latifolia plants differ in per-contact risk of infection by a sexually transmitted disease. Journal of Ecology 89, 99–109.
Kenkel, N. C. (1988). Pattern of self‐thinning in jack pine: testing the random mortality hypothesis. Ecology, 69, 1017–1024.
Lepart, J., & Debussche, M. (1992). Human impact on landscape patterning: Mediterranean examples. In: Handsen, A.J., & Di Castri, F. (Eds.), Landscape Boundaries, Consequences for Biotic Diversity and Ecological Flows. Springer, New York, pp. 76–106.
Loosmore, N. B., & Ford, E. D. (2006). Statistical Inference Using the G or K Point Pattern Spatial Statistics. Ecology, 87, 1925–1931.
MacDicken, K. G. (2015). Global Forest Resources Assessment 2015: What, why and how? Forest Ecology and Management, 352, 3–8. 
Martín‐Forés, I., Magro, S., Bravo‐Oviedo, A., Alfaro‐Sánchez, R., Espelta, J. M., Frei, T., Valdés‐Correcher, E., Fernández‐Blanco, C. R., Winkel, G., Gerzabek, G., González‐Martínez, S. C., Hampe, A. & Valladares, F. (2020). Spontaneous forest regrowth in South‐West Europe: Consequences for nature's contributions to people. People and Nature, 2, 980-994.
Matías, L., Mendoza, I., & Zamora, R. (2009). Consistent pattern of habitat and species selection by post-dispersal seed predators in a Mediterranean mosaic landscape. Plant Ecology, 203, 137–147. 
McIntire, E.J.B., & Fajardo, A. (2009), Beyond description: the active and effective way to infer processes from spatial patterns. Ecology, 90: 46-56.
Mendiburu, F. D. (2015) agricolae: Statistical Procedures for Agricultural Research. R Package Version 1.2-3. http://CRAN.R-project.org/package=agricolae
Mezquida, E. T., & Olano, J. M. (2013) What makes a good neighborhood? Interaction of spatial scale and fruit density in the predator satiation dynamics of a masting juniper tree. Oecologia, 173, 483–492.
Mezquida, E. T., Rodríguez‐García, E., & Olano, J. M. (2016). Efficiency of pollination and satiation of predators determine reproductive output in Iberian Juniperus thurifera woodlands. Plant Biology, 18, 147-155.
Miriti, M. N. (2006). Ontogenetic shift from facilitation to competition in a desert shrub. Journal of Ecology, 94, 973-979.
Møller, J., & Waagepetersen, R. P. (2007). Modern statistics for spatial point processes. Scandinavian Journal of Statistics, 34, 643-684.
Montesinos, D., Verdú, M., & García‐Fayos, P. (2007). Moms are better nurses than dads: gender biased self‐facilitation in a dioecious Juniperus tree. Journal of Vegetation Science, 18, 271-280.
Montesinos, D., García-Fayos, P., & Verdú M. (2010). Relictual distribution reaches the top: elevation constrains fertility and leaf longevity in Juniperus thurifera. Acta Oecologica, 36, 120–125.
Montesinos, D., García-Fayos, P. & Verdú M. (2012). Masting uncoupling: mast seeding does not follow all mast flowering episodes in a dioecious juniper tree. Oikos, 121, 1725–1736.
Moro, M.J., Pugnaire, F.I., Haase, P., & Puigdefábregas, J. (1997). Effect of the canopy of Retama sphaerocarpa on its understorey in a semiarid environment. Functional Ecology, 11, 425–431.
Müller, D., Kuemmerle, T., Rusu, M., & Griffiths, P. (2009). Lost in transition: determinants of post-socialist cropland abandonment in Romania. Journal of Land Use Science, 4, 109–129.
Murphy, H. T., & Lovett‐Doust, J. (2004). Context and connectivity in plant metapopulations and landscape mosaics: does the matrix matter?. Oikos, 105, 3-14.
Nanami, S., Kawaguchi, H., & Yamakura, T. (2005). Sex ratio and gender-dependent neighboring effects in Podocarpus nagi, a dioecious tree. Plant Ecology, 177, 209-222.
Ninyerola, M., Pons, X., & Roure, J.M. (2005) Atlas Climático Digital de la Península Ibérica. Metodología y aplicaciones en bioclimatología y geobotánica. ISBN 932860-8-7. Universidad Autónoma de Barcelona, Bellaterra. http://opengis.uab.es/wms/iberia/index.htm
Olano, J. M., Rozas, V., Bartolome, D., & Sanz, D. (2008). Effects of changes in traditional management on height and radial growth patterns in a Juniperus thurifera L. woodland. Forest Ecology and Management, 255, 506–512. 
Pascual, M. S., Negrín, E. F., Vega, G. Q., & del Arco Aguilar, M. J. (2017). Efecto de la inclinación y pedregosidad sobre el reparto del agua de lluvia, su cuantificación y aplicación al estudio de la vegetación en zonas áridas. Investigaciones Geográficas, Boletín del Instituto de Geografía, 2017, 51-63.
Pausas, J. G., Bonet, A., Maestre, F. T., & Climent, A. (2006). The role of the perch effect on the nucleation process in Mediterranean semi-arid oldfields. Acta Oecologica, 29, 346-352.
Pereira, H. M. &  Navarro, L. M. (2015). Rewilding abandoned landscapes in Europe. In Rewilding European Landscapes (pp. 3-23). Springer, Cham.
Pescador, D. S., Chacon-Labella, J., de la Cruz, M., & Escudero, A. (2014). Maintaining distances with the engineer: patterns of coexistence in plant communities beyond the patch-bare dichotomy. New Phytologist, 204, 140-148. 
Pías, B., Escribano-Avila, G., Virgós, E., Sanz-Pérez, V., Escudero, A., & Valladares, F. (2014). The colonisation of abandoned land by Spanish juniper: Linking biotic and abiotic factors at different spatial scales. Forest Ecology and Management, 329, 186-194. 
Pohlert, T (2020). PMCMRplus: Calculate Pairwise Multiple Comparisons of Mean Rank Sums Extended. R package version 1.7.1. https://CRAN.R-project.org/package=PMCMRplus
Pugnaire, F. I., Haase, P., Puigdefábregas, J., Cueto, M., Clark, S. C., & Incoll, L. D. (1996). Facilitation and succession under the canopy of a leguminous shrub, Retama sphaerocarpa, in a semi-arid environment in south-east Spain. Oikos, 455-464.
Pulido, F., García, E., Obrador, J. J., & Moreno, G. (2010). Multiple pathways for tree regeneration in anthropogenic savannas: incorporating biotic and abiotic drivers into management schemes. Journal of Applied Ecology, 47, 1272-1281.
R Core Team (2020). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.
Ramón, P., de la Cruz, M., Chacón-Labella, J., & Escudero, A. (2016). A new two-way ANOVA-like method for analyzing replicated point patterns in ecology. Ecography, 39, 1109-1117. URL http://dx.doi.org/10.1111/ecog.01848/.
Rey Benayas, J., Martins, A., Nicolau, J., & Schulz, J. (2007). Abandonment of agricultural land: an overview of drivers and consequences. CAB Reviews, 057, 1–14.
Rhoades, C. C., Sanford Jr, R. L., & Clark, D. B. (1994). Gender dependent influences on soil phosphorus by the dioecious lowland tropical tree Simarouba amara. Biotropica, 362-368.
Rousenvell, M., Reginster, I., Araújo, M., Carter, T., Dendoncker, N., Ewert, F., … Tuck, G. (2006). A coherent set of future land use change scenarios for Europe. Agriculture, Ecosystems and Environments, 114, 57–68.
Sánchez-Gómez, D., Zavala, M. A., & Valladares, F. (2006). Seedling survival responses to irradiance are differentially influenced by low-water availability in four tree species of the Iberian cool temperate–Mediterranean ecotone. Acta Oecologica, 30, 322-332.
Sandom, C., Donlan, C. J., Svenning, J. C., & Hansen, D. (2013). Rewilding. Key Topics in Conservation Biology, 2, 430-451.
Santos, T., & Tellería, J. (1994). Influence of forest fragmentation on seed consumption and dispersal of Spanish juniper Juniperus thurifera. Biological Conservation, 70, 129-134.
Santos, T., Tellería, J. L., & Virgós, E. (1999). Dispersal of Spanish juniper Juniperus thurifera by birds and mammals in a fragmented landscape. Ecography, 22, 193-204.
Schröter, D., Cramer, W., Leemans, R., Prentice, I.C., Araujo, M.B., Arnell, N.W., … Zierl, B. (2005). Ecosystem service supply and vulnerability to global change in Europe. Science 310, 1333–1337.
Seidler, T. G., & Plotkin, J. B. (2006). Seed dispersal and spatial pattern in tropical trees. PLoS Biology, 4, e344. 
Storch, S., & Winkel, G. (2013) Coupling climate change and forest policy: a multiple streams analysis of two German case studies. Forest Policy and Economics Available online: http://dx.doi.org/10.1016/j.forpol.2013.01.009.
Terrab, A., Schonswetter, P., Talavera, S., Vela, E., & Stuessy, T.F. (2008). Range-wide phylogeography of Juniperus thurifera L., a presumptive keystone species of western Mediterranean vegetation during cold stages of the Pleistocene. Molecular Phylogenetics and Evolution 48, 94e102.
Tognetti, R. (2012). Adaptation to climate change of dioecious plants: does gender balance matter?. Tree Physiology, 32, 1321-1324.
Valladares, F., Magro, S., & Martín-Forés, I. (2019). Anthropocene, the challenge for "Homo sapiens" to set its own limits. Cuadernos de Investigación Geográfica, 45, 33-59. 
Vega-Frutis, R., Munguía-Rosas, M. A., Varga, S., & Kytöviita, M. M. (2013). Sex-specific patterns of antagonistic and mutualistic biotic interactions in dioecious and gynodioecious plants. Perspectives in Plant Ecology, Evolution and Systematics, 15, 45-55. 
Verdú, M., & García‐Fayos, P. (2003). Frugivorous birds mediate sex‐biased facilitation in a dioecious nurse plant. Journal of Vegetation Science, 14, 35-42.
Verdú, M., Villar‐Salvador, P., & García‐Fayos, P. (2004). Gender effects on the post‐facilitation performance of two dioecious Juniperus species. Functional Ecology, 18, 87-93.
Vitousek, P. M. (1994). Beyond global warming: ecology and global change. Ecology, 75, 1861-1876.
Wang, Q., Zhao, C., Gao, C., Xie, H., Qiao, Y., Gao, Y., Yuan, L., Wang, W., Ge, L. & Zhang, G. (2017). Effects of environmental variables on seedling-sapling distribution of Qinghai spruce (Picea crassifolia) along altitudinal gradients. Forest Ecology and Management, 384, 54-64.
Wang, Y., Liang, E., Ellison, A. M., Lu, X., & Camarero, J. J. (2015). Facilitation stabilizes moisture-controlled alpine juniper shrublines in the central Tibetan Plateau. Global and Planetary Change, 132, 20-30.
Wiegand, T. & Moloney, K. (2014) Handbook of Spatial Point-Pattern Analysis in Ecology, Boca Raton. CRC Press.
Winkel, G., Gleissner, J., Pistorius, T., Sotirov, M. & Storch, S. (2011). The sustainably managed forest heats up – discursive struggles over forest management and climate change in Germany. Critical Policy Studies, 5, 361–390.
Wu, B., & Yang, H. (2013). Spatial patterns and natural recruitment of native shrubs in a semi-arid sandy land. PloS One, 8, e58331.




image1.tiff
Lij(r)

05

-1

15 20

1.0

0.0

-05

-1.0

_ Stage

------- Expanding
---- Intermediate
— 0Old

— Global

|

radius (m)

10

15

Interaction

------ F * Expanding
-—— F* Intermediate
------ F* Old

"""" M * Expanding
=== M * Intermediate
— M*O0ld

— Global

radius (m)

10

15





