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Abstract Questions: What inﬂuence do management practices and previous tree and shrub stand structure have on the occurrence and development of natural regeneration of Pinus sylvestris in Mediterranean mountain forests? How are the ﬁne-scale and environmental patterns of resources affected and what impact does this have on the distribution of the regeneration? Location: A Pinus sylvestris Mediterranean mountain forest in central Spain. Methods: Upperstory trees and regeneration (seedlings and saplings) were mapped in four 0.5-ha plots located in two types of stand with different management intensities (even-aged and uneven-aged stands). Environmental variables were recorded at the nodes of a grid within the plots. The relationships between the upperstory and regeneration were evaluated by bivariate point pattern analysis; redundancy analysis ordination and variation partitioning were performed to characterize regeneration niches and the importance of the spatial component. Results: Seedlings and saplings presented a clumped structure under both types of management and their distribution was found to be related to the spatial distribution of favourable microsites. Regeneration was positively related to conditions of partial cover with high soil water content during the summer. More than half of the explained variance was spatially structured in both types of stand. This percentage was particularly high in the even-aged stands where the pattern of regeneration was highly inﬂuenced by the gaps created by harvesting. Conclusions: The spatial distribution of the tree and shrub upperstory strongly inﬂuences regeneration patterns of P. sylvestris. Current management practices, promoting small gaps, partial canopy cover and moderate shade in



even-aged stands, or favouring tree and shrub cover in the case of uneven-aged stands, appears to provide suitable conditions for the natural regeneration of P. sylvestris in a Mediterranean climate. Keywords: Environmental heterogeneity; Null model; Pinus sylvestris; Redundancy analysis; Regeneration cutting; Spatial pattern; Variance partitioning. Nomenclature: Tutin et al. (1964–1980). Abbreviations: GSF 5 Global site factor; PCNM 5 Principal coordinate analysis of neighbour matrices; RL 5 Random labelling null model; RDA 5 Redundancy analysis; TR 5 Toroidal shift null model.



Introduction Future forest structure and composition are strongly inﬂuenced by current recruitment patterns, which depend on the interactions of multiple biotic and abiotic factors (Clark et al. 1998, 1999). Because natural communities are seldom homogeneous, recent empirical studies have highlighted the importance of including environmental heterogeneity in the research of plant regeneration dynamics (Beckage & Clark 2003; Jurena & Archer 2003). Mediterranean forests are subject to a high climatic variability and environmental heterogeneity. This spatial variability, compounded by our poor understanding of microclimates in Mediterranean ecosystems (Aussenac 2000), highlights the necessity for quantitative studies relating detailed patterns of recruitment establishment with ﬁne-scale variation



- RESPONSE OF PINE NATURAL REGENERATION TO SMALL-SCALE SPATIAL VARIATION in resources (Urbieta et al. 2008). Aside from the immediate effects of environmental factors, the development of regeneration is strongly inﬂuenced by tree-fall gaps that create further environmental heterogeneity (Canham et al. 1990). Thus, the effects of both microsite and gap-phase dynamics (Froese 2003) should be taken into account. Furthermore, it is important to consider that forests throughout the Mediterranean Basin have been disturbed or modiﬁed to a great extent by human activities (Riera-Mora & Esteban-Amat 1994), inﬂuencing the dynamic processes and altering species patterns. Spatial interaction among plants is usually evaluated using point pattern statistics (i.e. those based on x-y coordinate data). This technique has been widely used to describe forest stands at different scales, and in particular the relationship between the regeneration and the upperstory (Fro¨lich & Quednau 1995; Camarero et al. 2000; Fajardo et al. 2006). Studying the spatial vegetation structure facilitates not only the description of the stands, but also the generation of hypotheses about the underlying processes implied in their operations and dynamics (Wiegand & Moloney 2004; Ngo Bieng et al. 2006) and the relationship with environmental heterogeneity (Thomson et al. 1996). Time is another important factor to consider when inferring processes from spatial patterns, since it allows us to distinguish between the effects of competition and a possible much stronger effect of aggregation early in the life of individuals (Wolf 2005; Getzin et al. 2006). When chronosequence data are not available, the age of plants or size classes can be used as a demographic surrogate to include a time component in the analysis. However, the spatial vegetation pattern reﬂects a combination of different underlying biological processes, making any ﬁrm causal linkage with environmental factors tenuous. Therefore, the relationship between different stages of regeneration and environmental conditions in the stands has generally been approached from a multivariate perspective (Hooper et al. 2002; Maltez-Mouro et al. 2007; Quero et al. 2007). Furthermore, it has been found that the spatial structuring of environmental variables explains a signiﬁcant percentage of the variance in Mediterranean forests (Maestre et al. 2003; Maltez-Mouro et al. 2007). It has been suggested that disturbance heterogeneity associated with the management practices employed may be responsible in part for the autocorrelated structure of the species (i.e. the greater likelihood of similarity between neighbouring response variable values than would occur otherwise by chance). In addition to the effect of management practices, other spatially struc-
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tured processes such as propagule dispersal or the effects of natural disturbance (Leduc et al. 1992) may also be responsible for the spatial structure of the species. However, the contribution of these factors to regeneration dynamics and spatial structure has, to date, received scarce attention in forest research. In order to explore simultaneously the relative contribution of, on the one hand, the intensity of management regimes and, on the other, the environmental factors, Pinus sylvestris was chosen for the purposes of the study, being one of the main conifer species inhabiting Mediterranean mountain forests. The widespread distribution of this species along with its importance for timber production makes it an ideal candidate for the regional comparison of human-inﬂuenced forests. Moreover, under a climate change scenario, the behaviour of P. sylvestris at the southern limit of its distribution area (in the Mediterranean mountain forests), is of great interest (Castro et al. 2004). This boreal species grows under extreme abiotic conditions which severely limit its regeneration, causing high droughtinduced seedling and sapling mortality during the early stages of establishment (Rojo & Montero 1996). However, the complexity of the natural regeneration process of P. sylvestris in Mediterranean forests is compounded by the exploitation of these forests for timber – a practice that has been carried out in Central Spain for centuries (Can˜ellas et al. 2000), resulting in heterogeneous canopy patterns and light regimes. This practice greatly modiﬁes the residual stand structure, resulting in irregularity in the openness of the canopy. As a result, the forest understory is affected by variations in factors such as access to light, competing vegetation or soil water availability. The natural regeneration patterns of P. sylvestris have been extensively studied throughout Europe in Mediterranean (Ngo Bieng et al. 2006; Montes & Can˜ellas 2007) and boreal forests (Paluch & Bartkowicz 2004; Zagidullina & Tikhodeyeva 2006). However, spatial heterogeneity has rarely been taken into account since most studies have focused at a particular scale and therefore have not contemplated the fact that the different processes inﬂuencing regeneration take place at several scales. The inﬂuence of environmental factors affecting P. sylvestris regeneration should be explored at small scales since clustering typically occurs at scales below 20 m (Montes & Can˜ellas 2007; Pardos et al. 2007). However, other relationships might occur at larger scales (e.g. inﬂuence of gaps opened to promote regeneration or associations between different life stages of P. sylvestris) and thus the scale at which they are studied should relate to
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the scale of the management practices employed, deﬁned by the maximum size of the regeneration fellings carried out in the forest. The main objective of this study was to analyse the natural regeneration patterns of P. sylvestris in relation to management intensity and forest dynamics. More speciﬁcally, the aims were: (1) to characterize the patterns and spatial association of two regeneration life stages (seedlings and saplings) and their relationship with the upperstory patterns using spatial point pattern analyses; (2) to identify the main variables (environmental and spatial component factors and management practices) that shape the distribution of the regeneration using redundancy analysis (RDA) and variation partitioning; and (3) as a result of objectives 1 and 2, to gain a better understanding of the ecological requirements of natural regeneration in P. sylvestris. Such gain in knowledge is a valuable step towards the development of ecologically based management strategies for this species in Mediterranean forests.



Materials and Methods Study area Data were collected in Pinar de Valsaı´ n, a P. sylvestris L. woodland on the North facing slopes of the Sierra de Guadarrama, in the Central Mountain Range in Spain (40149 0 N, 411 0 W). The climate is subMediterranean, with rainfall averaging 1100 mm yr  1; average summer precipitation is 145 mm and precipitation maxima occur during spring and autumn. Mean annual temperature is 9.851C. The summers are hot and dry and winters are cold and snowy. Soils are fairly homogeneous throughout the stands, being predominantly humic cambisols or leptosols at the higher sites according to the Food and Agriculture Organization (FAO) taxonomic soil classiﬁcation (Forteza et al. 1988) developed on granitic and gneiss bedrocks. Current silvicultural methods do not aim to emulate the natural disturbance regime because there are no unmanaged P. sylvestris stands in the whole region and therefore no information is available regarding the natural dynamics of the forest. Valsaı´ n forest is managed under a group shelterwood regeneration system between 1300 and 1600 m a.s.l. where the mature crop is gradually felled over a 40year period and canopy is opened in scattered gaps when the stands reaches 100 years, so that the natural regeneration establishes under the protection of the older trees. Regeneration cutting size is between 0.1 and 0.5 ha in these forests.



Some areas of the forest are managed as uneven-aged stands, where selective logging is performed by removing large as well as damaged and diseased trees in order to maintain diameter classes in equilibrium. This silvicultural system is employed in some areas of low timber production such as mixed pine-oak stands (0.5-1.5 m3  ha  1  yr  1), on south-facing hillsides or areas exposed to wind where soils are poor and natural regeneration is difﬁcult to attain. Stands at altitudes over 1600 m a.s.l. are also frequently managed as uneven-aged because of the risk of soil erosion, windthrow and snow damage. Four 0.5-ha plots typical of the two management systems mentioned above were selected to represent the diversity of human-inﬂuenced P. sylvestris stands in the forest. Two plots were located in an even-aged managed stand at 1500 m a.s.l. with homogeneous site conditions: (1) plot M1 (mid-elevation) where regeneration fellings were in progress. (2) plot M2 (mid-elevation) where regeneration fellings have ﬁnished and a previous regeneration episode has already been established. In this plot adult pines are scarce. Another two plots were located in very heterogeneous, uneven-aged stands: (3) plot L (lower plot), a mixed stand of P. sylvestris and Quercus pyrenaica Willd. at 1200 m a.s.l., (4) plot U (upper plot), where P. sylvestris is mixed with a dense alpine shrub understory dominated by Juniperus communis L. ssp. alpina and Cytisus oromediterraneous (Rivas-Martı´ nez) close to the timberline, at 1700 m a.s.l. Field sampling Recording stem pattern, regeneration and environmental variable data often requires different sampling strategies because of the different scale of each process or because the time and effort required in some cases make certain strategies impractical. The position of all upperstory trees (47.5 cm diameter at breast height, dbh) was stem-mapped in each plot, while a grid sampling technique was adapted to record the regeneration data. Regeneration density (dbho7.5 cm) was recorded on a 2 m2 m grid placed over the 0.5-ha plots where trees were assigned a grid cell without exact coordinates (Fig. 1a). The recorded regeneration density was divided into two classes according to height: seedlings (0.1 moheighto1.3 m) and saplings (height41.3 m). Since P. sylvestris seedlings have difﬁculty surviving their ﬁrst summer (Pardos et al. 2007), only seedlings taller than 0.1 m were selected because we were interested in the study of established regeneration (i.e. pines that had survived
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Fig. 1. Schematic illustration of the spatial scales at which regeneration was analysed in the 0.5-ha plots: (a) size of the grid (2 m2 m2) smaller than the patch size to detect regeneration pattern; (b) spatial lag larger than the average patch size (10 m, n 5 36 subplots) to infer the relationship between regeneration and environmental variables.



Table 1. Upperstory, understory, and environmental variables (surveyed at n 5 36 subplots) in the four 0.5-ha experimental plots, in the even-aged stands (plots M1 and M2) and the uneven-aged stands (plots L and U). Height data (plots) and environmental data (subplots) are means  SE. Variables



Upperstory Density (trees ha  1) Diameter at breast height (dbh, cm) Height (m) Basal area (m2 ha  1) Understory Seedlings (individuals ha  1) Saplings (individuals ha  1) Sub-plots (n 5 36) Global site factor (%) Soil moisture (%) Microslope (1) Bulk density (g cm  3) Humus depth (cm) Distance to the closest Pinus sylvestris (m) Basal area (m2 ha  1) Quercus pyrenaica cover (%) Shrub cover (%)



Even-aged plots



Uneven-aged plots



M1



M2



L



U



334 39.6  8.2 24.0  3.0 41.4



458 19.5  12.2 13.5  5.6 34.4



578 18.7  13.0 10.1  3.2 22.7



320 19.9  9.9 12.7  5.2 25.2



666 518



7308 7120



3476 166



478 250



21.8  7.2 12.9  5.7 24.7  13.7 0.9  0.3 9.8  5.1 3.1  1.7 0.9  0.3 0 0



22.9  9.6 14.1  6.7 11.9  5.0 0.6  0.2 9.4  5.0 3.2  2.1 0.6  0.1 0 0



19.4  2.8 11.2  4.2 36.9  5.3 1.1  0.1 9.8  5.0 6.9  5.6 0.4  0.3 63.7  33.4 0



14.7  6.1 11.6  5.7 57.2  12.8 0.7  0.2 8.4  4.6 2.3  1.6 0.3  0.2 0 66.4  23.8



at least two summer periods). Upperstory trees were divided into large trees (dbh430 cm) and small trees (dbh  30 cm) only in plot M2, to differentiate the two existing cohorts reﬂected in the dbh distribution data. In order to analyse the species’ response to several environmental conditions, the spatial lag or distance interval among sampling units has to be chosen so that it exceeds the average regeneration patch size (Fortin & Dale 2005). Environmental and structural forest variables In the summer of 2007, a spatial lag of 10 m was chosen so that the samples would be as much as possible spatially uncorrelated for the environmental and forest data (Fig. 1b). A pilot study



conﬁrmed that the environmental variables to be measured were not correlated at this distance. A systematic point-sampling method was therefore designed to characterize the environment at the nodes of a 1010 m grid covering each plot. Using this sampling technique, the following variables were measured at 36 points per plot (Table 1): (1) soil water content, (2) light availability, (3) microslope, (4) soil compaction and (5) humus depth. The volumetric water content of the soil was measured at each sampling point using time domain reﬂectometry (TDR; Campbell Scientiﬁc, Inc., Logan, UT, US), inserting stainless steel rods 20 cm into the soil. Measurements were taken at the same points once a month during summer (July, August, September) and data were pooled to obtain a single
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value for each point. Light availability (global site factor, hereafter GSF) was estimated at a height of 1.30 m in all the plots (so that it would be above the shrub layer in plot U) using hemispherical photographs taken on cloudy days with a Nikon CoolPix 1500 digital camera mounted on a tripod with a ﬁsheye adaptor (FCE8). Hemiview ver. 2.1 Canopy Analysis Software (1999; delta-T Devices Ltd, Cambridge, UK) was used to analyse the images by quantifying the GSF, deﬁned as the proportion of diffuse and direct radiation for clear-sky conditions at our study site (Rich 1990). The GSF is a continuous variable ranging from 0 (complete obstruction) to 1 (open sky). When multiplied by 100 this value expresses a measure of canopy openness (Montgomery 2004). Microslope was measured using a hand-held clinometer positioned on the ground. Soil compaction was estimated by measuring soil bulk density. To estimate bulk density, we collected intact cylindrical soil core samples (15 cm depth) having ﬁrst removed any surface litter. We also measured the depth of the litter layer. Around each of the 36 points we established a 6 m6 m square plot where we calculated the density of P. sylvestris seedlings and saplings as well as the basal area of P. sylvestris upperstory trees (dbh47.5 cm). In addition, shrub species cover in plot U and Q. pyrenaica cover in plot L were also visually estimated in each 2 m2 m2 quadrant and averaged as a mean value for the 36 m2 area (Table 1). The plots were chosen within regeneration blocks that had been fenced to avoid livestock grazing pressure. Only slight damage from browsing roe deer was observed (they can jump over the fences), hence no differential grazing effect was considered between plots.



Spatial analysis Point pattern analysis: univariate and bivariate paircorrelation functions We used the pair-correlation function g(r) (Stoyan & Stoyan 1994) to study the magnitude of the clustering for the different life-stages considered. The g(r) function is similar to Ripley’s K function (Ripley 1977) but because it is not cumulative, it is preferable to Ripley’s K for exploratory data analysis to identify speciﬁc scales of deviation from a null model (Wiegand & Moloney 2004; Perry et al. 2006). The bivariate extension of the pair-correlation function g12(r) was used to examine the association between seedlings and saplings and the relationship between their spatial pattern and the location of the



upperstory trees. This function relates the average number of type 2 points within rings of radius r centred on type 1 points to the average area of these rings, calculated up to half of the shortest side of the study area. Apart from the two regeneration classes (seedlings and saplings), only one cohort of upperstory trees was considered except in plot M2 where two separate cohorts were considered (small trees and large trees). Two types of g(r) function can be considered depending on the characteristics of the study area: (1)Homogeneous g(r), where there is no indication of heterogeneity in the study area, as in the evenaged plots (M1, M2). The ﬁrst-order intensity of the pattern l(x) is constant over the study area, and thus any point of the pattern has an equal probability of occurring at any position within the area. (2)Inhomogeneous g(r), where heterogeneity is present in the study area and there is a need to correct it for the ﬁrst-order effects (Pe´lissier & Goreaud 2001). Inhomogeneous g-functions can be calculated analogously to homogeneous g-functions, weighting each data point by 1/l(x), where l(x) is a moving window estimator of the non-constant ﬁrst-order intensity (in our case with radius 5 10 m). To estimate this non-constant intensity, a surrogate pattern can be used for the environmental heterogeneity (e.g. location of the upperstory trees). Null models The relationship between spatial point processes can be contrasted with different null models that allow us to test biological hypothesis. Selecting the right null model is a critical step to avoid misinterpretations and thus wrong biological conclusions (Diggle 2003). The choice of null model can be complex when considering size categories because the size of an individual integrates both its age and its growing conditions (Goreaud & Pe´lissier 2003). In the present study it was necessary to test for the absence of interaction between the two types of point pattern considered. Available data from the study areas was used to contrast the measured patterns using two null models with different assumptions regarding the underlying processes: (1)Toroidal shift (TR): assumes that the two patterns were generated by two independent processes. This null model preserves the separate second-order structures of the observed patterns while breaking their independence (Wiegand et al. 2006). Pattern 1 (e.g. upperstory) is kept unchanged while the location of pattern 2 (e.g. seedlings or saplings) is



- RESPONSE OF PINE NATURAL REGENERATION TO SMALL-SCALE SPATIAL VARIATION shifted, as a whole, across the study area using a torus (i.e. assuming that there is continuity between the upper and lower and between the right and left boundaries; Goreaud & Pe´lissier 2003). If we consider fellings and regeneration as two independent processes over time, the null model will be conditioned by the structure of both patterns and TR is an appropriate null model. Independence was tested against the TR null model in the even-aged plots, considering that regeneration has established in different episodes promoted by gap opening. (2)Random labelling (RL): assumes that the same process generated both patterns (e.g. seedlings and saplings) and thus each of the groups represents a random attribution of labels to points (Wiegand & Moloney 2004). Therefore, the expected bivariate g-function under random labelling is the univariate g-function of the joint pattern. Numerical implementation of the random labelling null model involves repeated simulations using the ﬁxed n11n2 locations of patterns 1 and 2 respectively, but randomly assigning ‘‘case’’ labels to n1 of these locations (Bailey & Gatrell 1995). Random labelling is an appropriate null model when a common environment affects the two patterns in the same way. In the uneven-aged plots, we hypothesize that regeneration has been continuous, and that size is the result of the growing conditions. Therefore, we test the relationship against the random labelling null model. With this null model, the use of differences in the g-function values instead of the g(r) function, offers the advantage that results are easier to interpret as the expected value under random labelling is always zero. Therefore, values of g12(r)  g11(r) evaluate whether points of type 1 tend to be surrounded by other points of type 1, with g12(r)  g11(r) 5 0 if both life-history stages exploit the spatially available habitat in the same way (Getzin et al. 2008). In addition, the difference g21(r)  g22(r) evaluates whether one pattern was more or less clustered than the other conditional on the structure of the joint pattern (Dixon 2002). Thus, if g21(r)  g22(r)o0, type 1 points are more frequent in rings around other type 1 points than around type 2 points, so that additional clustering, independent from pattern 2 is revealed. Accounting for spatial heterogeneity Departure of the upperstory tree pattern from a homogeneous Poisson process at scales r410 m, beyond direct tree-tree interaction (Stoyan & Penttinen 2000), as found in our case for the uneven-aged plots (results not shown), is usually interpreted as environmental heterogeneity. In these cases, the
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large-scale intensity of the upperstory trees can be a good indicator of a habitat shaped by environmental factors (Getzin et al. 2008) and can be used to correct this possible heterogeneity. Therefore, in the uneven-aged plots (L,U) the density of the upperstory pattern was used to construct the inhomogeneous g-function to partial out the effect of environmental heterogeneity instead of the globally averaged value used when studying the relationship between seedlings and saplings. When we studied the relationship between one of the two regeneration classes considered and the upperstory, an inhomogeneous g12-function was tested against the random labelling null model and the pattern of the upperstory was used as a control pattern to account for existing environmental heterogeneity. Therefore, we tested whether seedlings and saplings were associated with the upperstory and therefore with the same underlying spatial environmental heterogeneity, and whether these regeneration stages showed any additional clustering not related to environmental heterogeneity. All point pattern analyses were performed using the grid-based software PROGRAMITA (Wiegand & Moloney 2004). A two-sided Monte Carlo test (999 simulations, 10% signiﬁcance level) was implemented to test the signiﬁcance of departure from the TR and random labelling null models. RDA and variation partitioning To evaluate the individual and joint effect of the environmental variables responsible for the multivariate patterns of seedlings and saplings observed in the even-aged and uneven-aged stands, we conducted RDA as the ecological gradient in which we are working is short (ter Braak & Smilauer 1998). RDA is a constrained linear method of canonical ordination (ter Braak & Smilauer 1998) that allows species-environment relationships to be explored (Legendre & Legendre 1998). To introduce spatial predictors as explanatory variables we used principal coordinate analysis of neighbour matrices (PCNM; Borcard & Legendre 2002) to extract eigenvectors that can later be used as covariables in canonical ordination analysis (Dray et al. 2006). Variance partitioning (Borcard et al. 1992) can then be performed to determine how much of the regeneration distribution can be accounted for by the spatial distribution of the environmental conditions and how much is explained by the spatial component itself. RDA was performed separately for the four even-aged and uneven-aged plots. The response data
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Fig. 2. Contour maps of seedling (a) and sapling (b) clustering in the even-aged plots M1 (1) and M2 (2), and in the unevenaged plots U (3) and L (4). Increasing grey intensity corresponds to higher intensity of seedling and sapling clustering based on an index of clustering (v) with dimensionless scale values.



matrix was transformed previous to the use of RDA, using the Hellinger transformation (square root of the relative abundance of seedling and sapling density in the regeneration data), in such a way that the data containing many zeros was amenable to analysis by methods preserving Euclidean distances



(Legendre & Gallagher 2001). We performed Monte Carlo permutation tests and a forward procedure to evaluate the signiﬁcance of the model and of the variables (0.05 signiﬁcance level, 999 permutations). All RDA analyses were conducted with the ‘‘vegan’’ package (Oksanen et al. 2008) for R (R Develop-
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Fig. 3. Strength of the clustering of the two regeneration life-classes considered (seedlings and saplings) and of the upperstory trees in the even-aged plots (M1 and M2), and in the uneven-aged plots (L and U). Two different tree-size classes where examined in the even-aged plot M2: small trees (diameter at breast height, dbh  30 cm) and large trees (dbh430 cm), while in the rest of the plots all of the trees were considered together. For the uneven-aged plots an inhomogeneous g12-function was constructed using the density of all upperstory trees (dbh47.5 cm) within the plot. Note that the graph y-axis scale is different.



ment Core Team 2008). For the PCNM we used the SPACEMAKER2 program (Borcard & Legendre 2004).



Results Spatial association within life stages The spatial locations of regeneration (seedlings and saplings) and of the upperstory trees in the four plots are shown in Fig. 2, where regeneration clustering is expressed by an index of clustering (for a complete description, see Perry 1998; Perry et al. 1999). Sapling density was lower than seedling density in all plots (Table 1). Regeneration density was markedly higher in plot M2 (7308 seedlings ha  1 and 7120 saplings ha  1) than in plot M1 (666 seedlings ha  1 and 518 saplings ha  1). In plot M2 the number of large trees had been reduced to open new regeneration gaps (62 upperstory trees with dbh430 cm) and small trees (396 upperstory trees with 30  dbh47.5 cm) arising from a past regeneration episode established in previous gaps. Thus, a decline in basal area and mean height in plot M2 (34.4 m2 ha  1 and 13.5 m) in comparison with plot M1 (41.4 m2 ha  1 and 24.0 m) can be observed. Seedling density was higher in plot L (3476 seedlings ha  1) than in plot U (478 seedlings ha  1), whereas the number of saplings was higher in plot U



(250 saplings ha  1) than in plot L (166 saplings ha  1). In both of the uneven-aged plots clustering declined with increasing size-class (Fig. 3c, d) with the clustering intensity of seedlings showing a particularly high value in plot L (Fig. 3c). In the even-aged plots, saplings were more strongly clustered than seedlings (Fig. 3a, b). This difference in the clustering of both patterns occurred at scales up to 10 m in plot M1 and at all scales in plot M2, L and U. This clustering was absent for upperstory trees (g 5 1, no clustering) in plot M1 (Fig. 3a). In plot M2, small trees (dbh  30 cm) showed a very similar clustering trend to saplings and seedlings. Large trees (dbh430 cm) showed a slight repulsion at short scales (o5 m) whereas at larger scales, they displayed a clustering trend similar to that of the other life-stages (Fig. 3b). Our assumption that the location of upperstory trees could be used as a surrogate of environmental heterogeneity in the uneven-aged plots is proven by the fact that upperstory trees approach g 5 1 once heterogeneity is removed through the inhomogeneous g-function (Fig. 3c, d). Spatial associations between different life stages We used the TR null model to test the independence between the two regeneration classes considered (seedlings and saplings) and the single
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Fig. 4. Intertype function g12 (a-g, j) and test statistic g12-g11 (h, i, k, l) with g21–g22 (inset ﬁgure), corresponding to the toroidal shift null model in the even aged plots M1 and M2 and to the random labelling null model in the uneven-aged plots U and L, for the spatial associations between young saplings (ho1.3 m), old saplings (diameter at breast height, dbh o7.5 cm, h41.3 m) and upperstory trees (dbh47.5 cm). Note that in plot M2 the upperstory trees are divided into two size classes: small trees (dbh  30 cm) and large trees (dbh430 cm) and that the graph y-axis scale is different.



upperstory cohort in M1, as well as between regeneration and small trees (dbh  30 cm) and large trees (dbh430 cm) in plot M2 (Fig. 4). In plot M1 the bivariate g-function under the TR null model depicted a positive association between seedlings and saplings at scales below 5 m. When the relationship between seedlings and saplings and the upperstory trees was analysed, a structure of independence was observed between classes. The association between seedlings and saplings did not differ from spatial independence under the TR null model in plot M2. However, when the joint pattern



was tested against the TR null model, it was found that these two regeneration classes did not tend to grow in close proximity (at scales up to 12 m) to the previous regeneration episode formed by small trees (dbh  30). In a similar way, this small tree cohort was negatively correlated with large trees (dbh430) at the same distance. Seedlings and saplings showed a signiﬁcant negative association at distances of 1-12 m and 0-13 m according to the RL null model in the uneven-aged plots L and U, respectively. In both of these plots, we used the RL null model to test the relationship
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Fig. 5. Partial RDA triplot of the even-aged plots (M1 and M2) and the uneven-aged plots (L and U) where the projection of Pinus sylvestris seedlings and saplings constrained by the environmental variables using the best spatial predictors as covariables is shown. Signiﬁcant and supplementary environmental variables are represented as arrows after controlling the overall error rate at the 0.05 level. GSF 5 Global site factor; MS 5 microslope; SM 5 soil moisture; SHCOV 5 shrub cover; TRCOV 5 Quercus pyrenaica tree cover; BA 5 basal area. Seedlings and saplings are represented with squares (although they should be interpreted as vectors, extending from the origin and terminating at the species label).



between seedlings and saplings and the upperstory trees (treated as a single cohort). The test statistic g12(r)  g11(r) did not differ signiﬁcantly from zero in plot U and only slightly, at very short scales (o5 m) and long scales (420 m) in plot L (Fig. 4), indicating that the pattern of saplings and seedlings followed the overall upperstory tree pattern. However, the test statistic g21(r)  g22(r) was less than zero at scales up to 15-20 m for seedlings and o5 m for saplings, indicating additional clustering independent of the upperstory pattern. Environmental factors affecting regeneration Partial RDA analyses constrained by the best spatial predictors as covariables, revealed a signiﬁcant relationship between the distribution of seedlings and saplings and the environmental vari-



ables measured in the even-aged and unevenaged stands (Fig. 5). An unrestricted Monte Carlo permutation test showed that the selected environmental variables signiﬁcantly explained the total variance (Po0.05). The best explanatory variables changed between the different stands (Table 2). In the even-aged stands M1 and M2, light availability (expressed as GSF) was a signiﬁcant variable explaining 82% and 100% of the explained environmental variance in plots M1 and M2 respectively. In both plots, saplings where more frequently distributed in areas with lower GSF values (Fig. 5). Seedlings showed a different behaviour in plot M1, where they were negatively correlated with GSF and in plot M2, where they were positively associated with GSF. In plot M1, the distribution patterns of seedlings and saplings were closely related and were strongly correlated with microslope
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and soil moisture. The latter was again an important explanatory variable in plots L and U (Table 2). In contrast, GSF was not a signiﬁcant environmental factor in explaining the distribution of seedlings and saplings in the uneven-aged plots. The other best explanatory variables in the uneven-aged plots were shrub cover (for plot U) or Q. pyrenaica tree cover and microslope (for plot L). Saplings and seedlings showed a positive correlation with soil moisture in plot U and saplings were also positively correlated with shrub cover. In plot L, both seedlings and saplings were positively correlated with microslope and Q. pyrenaica tree cover, with saplings showing a stronger correlation than seedlings with the latter. The results of variance partitioning are summarized in Fig. 6. A higher fraction of variance was explained in the even-aged plots (69.9% in M1 and 66.8% in M2) than in the uneven-aged plots (48.7% in L and 42.6% in U). The fraction of variance explained by the environmental variables was low,



Table 2. Correlations between the signiﬁcant environmental variables (Po0.05) and the two ﬁrst ordination axes and contribution of variables (single and cumulative in forward step-wise analysis) to the total explained variance of the RDA performed for the even-aged plots (M1 and M2) and the uneven-aged plots (L and U). GSF 5 Global site factor. Shrub cover in plot U consisted of Juniperus communis and Cytisus oromediterraneus and tree cover in plot L was Quercus pyrenaica. Plot Variables



M1



M2 L



U



Explained variance (%)



Correlation coefficients



Single



Cumulative



Axis 1



Axis 2



12.6 14.4 15.2 15.3 11.8 6.8 13 18.7 4.8 8.4



 0.84 0.31 0.23 0.05 0.78  0.52 0.57  0.41 0.78 0.54



 0.3  0.43  0.27 0.73 0.12 0.62  0.11  0.66  0.58 0.78



GSF 12.6 Microslope 1.8 Soil moisture 0.8 Basal area 0.1 GSF 11.8 Microslope 6.8 Soil moisture 6.2 Tree cover 5.7 Soil moisture 4.8 Shrub cover 3.6



varying from 8.5% to 18.7%. Most of the variance explained was spatially structured. This percentage was markedly higher in the even-aged plots (54.555%) than in the uneven-aged plots (30-34.1%).



Discussion Spatial associations between different life stages In the even-aged plots, the afﬁnity of saplings to previous stand structure was more noticeable in M2, where fellings had progressed and larger gaps had been opened. In M1, where only small gaps had been opened and upperstory tree cover was more homogeneous throughout the plot, regeneration was concentrated in sites with high soil moisture and high microslope. In M1, the independence between seedling and sapling distribution and the upperstory trees under the TR null model, indicated that the spatial pattern of saplings is related more to suitable environmental factors (Wang et al. 2003) than to the location of upperstory trees. In M2, seedlings and saplings were no longer associated, which may indicate a gradual establishment of regeneration in this plot. Saplings grew close to the small trees that provided them with shade whereas seedlings avoided the shade of both small trees and saplings, establishing instead in the newly opened gaps with higher GSF values. The interaction of the young cohort formed by seedlings and saplings with the small trees and of the latter with the large trees, revealed a characteristic negative association between 10 and 15 m, at the approximate scale of a gap (Moeur 1993; Busing 1998). Therefore, we observed a patch-dynamic where the two regeneration episodes (small trees, seedlings and saplings) were established successively in the canopy gaps. In both of the uneven-aged plots (L, U) we found an afﬁnity of regeneration for trees of older generations, both of them inﬂuenced by large-scale heterogeneity. A similar behaviour has also been reported for P. sylvestris regeneration in relation to
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Fig. 6. Variation partitioning in the even-aged and the uneven-aged plots.



U % variance % explained variance 57.4 8.5 42.6 31.6 2.5



- RESPONSE OF PINE NATURAL REGENERATION TO SMALL-SCALE SPATIAL VARIATION the upperstory in uneven-aged pure and mixed forests (Paluch & Bartkowicz 2004; Zagidullina & Tikhodeyeva 2006). However, our analyses showed an additional spatial clustering of seedlings and saplings that is unrelated to the upperstory trees. In both the lower (L) and upper plot (U), regeneration was positively correlated with Q. pyrenaica and shrub cover, respectively. This result agrees with previous studies that assert that P. sylvestris recruitment in Mediterranean drought-stressed ecosystems requires moderate shade despite the a priori shade intolerant nature of the species (Nikolov & Helmisaari 1992; Castro et al. 2004). The negative correlation between seedlings and saplings under the RL null model in plot U and the higher degree of clustering of seedlings compared with saplings suggests a self-thinning process (Kenkel 1988; Moeur 1997) where seedling survival has occurred in microsites with high soil moisture values over the summer but also where development into saplings is determined by a certain degree of shrub protection. Nevertheless, only a small percentage of variation was explained by the environmental factors measured in plot U, which suggests that shrub protection might not be limited to protection from soil moisture loss but may embrace other factors not measured, such as hail, frost heave (Castro et al. 2004) or protection from grazing (Rousset & Lepart 1999; Go´mez-Aparicio et al. 2008). In plot L, seedlings and saplings were also negatively correlated under the RL null model but RDA analysis indicated that they occupied similar microsites. Thus, the negative relationship between both classes could be a response to different growing conditions, where saplings are individuals that have developed faster in more favourable microsites characterized by a higher Q. pyrenaica cover and lower microslope than other individuals that have grown more slowly (seedlings). The fact that P. sylvestris is able to develop well under the cover of other tree species agrees with the ﬁndings that below-ground competition does not greatly affect the growth of P. sylvestris (Ricard et al. 2003). The negative correlation between soil moisture values and the density of both seedlings and saplings could be partly explained by the high shading conditions created under dense oak sprout regeneration, with lower evapotranspiration and higher soil water content values than sites occupied by pines (Barbeito et al. 2006). Importance of null model selection The use of the differences between g-functions rather than the actual g-value under the null hypothesis of random labelling proved to be very
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useful to partial out large-scale heterogeneity. Despite its many advantages, this method has seldom been used in ecological research (Lancaster & Downes 2004; Getzin et al. 2008; Melles et al. 2009). It allows ecologists to formulate a more complex null model in which it is possible to test if recruitment selects the same sites as upperstory trees (using the locations of the latter as an indicator of favourable environmental conditions) and if it shows aggregation mechanisms independent of the upperstory pattern. Environmental factors affecting regeneration Seedlings and saplings occurred in small episodic clusters in all plots, as usually described for this species (Kuuluvainen et al. 1993; Gonza´lez-Martı´ nez & Bravo 2001). These clusters were located in favourable microsites characterized by either high soil water content during the summer (plots M1 and U) or a certain degree of vegetation protection (plots L and U). Even in plot M2, where regeneration distribution was mostly related to gaps that resulted from harvesting, saplings were found under lower GSF levels with the previous stand structure providing them with a certain degree of shade. The high explanatory power of soil moisture was also highlighted in previous studies of other Mediterranean pines where this was the only variable explaining the survival of seedlings (Ordon˜ez 2004). Our results also agree with those of Pardos et al. (2007), who found that light availability was not a limiting factor when it is below a certain threshold (GSFo40%), as observed for the four plots in the present study (Table 1). In the even-aged plots, GSF was the most important explanatory variable, as well as being an indirect indicator of low soil moisture sites under summer drought conditions in plot M1 and of available growing space created by gap opening in plot M2. The low explanatory power of the distance to the nearest tree revealed the importance of considering all tree-pair distances to explain the relationship between regeneration and the upperstory. Litter cover was found to be an important explanatory variable of regeneration distribution in Mediterranean forests (Garcı´ a et al. 2006; MaltezMouro et al. 2009); however, its low explanatory power in our study can be explained by the elimination of slash that is carried out in P. sylvestris forests to reduce the risk of forest ﬁre by reducing the fuel load (Montes & Can˜ellas 2006). The present study also outlines the importance of considering the spatial component while studying managed forests. The large amount of unexplained
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variance in regeneration density could be caused by the high stochastic variation of the process itself (Borcard et al. 1992), although it could also be caused by factors that have been overlooked, such as seed dispersal. Moreover, the small fraction of variation explained by the environmental conditions could be result from an incorrect choice of environmental variables (Hardin 1960). Therefore, to verify that environment had been adequately characterized, a distinct ordination of regeneration classes was performed, as recommended by Gravel et al. (2008), to validate the results obtained using RDA (principal component analysis, PCA, results not shown). Both ordination results showed the same pattern, and thus we can be conﬁdent that the environmental variables chosen are relevant. The higher percentage of spatially structured regeneration variance found in the even-aged plots seems to be related to the frequent disturbances created by logging to open up gaps for regeneration establishment. Thus, part of the spatially structured regeneration variance in the uneven-aged plots could also be explained by the opening of gaps in the canopy when selective logging is carried out and by the subsequent occurrence of regeneration in these gaps. Nevertheless, part of this variance may be caused by unmeasured environmental variables that are spatially structured (Dray et al. 2006), as identiﬁed in some natural stands in the Mediterranean area (Maestre et al. 2003; MaltezMouro et al. 2007). We acknowledge the fact that contrasting management regimes had to be tested at different altitudes because no uneven-aged management is carried out on the 1300-1600 m altitudinal range in our study area. Thus, microclimatic differences among plots could potentially affect tree recruitment. However all plots were chosen on the same North-facing slope to reduce microclimatic differences between plots. Management implications Although it is clear that harvesting activities greatly inﬂuence the dynamic processes of the forest and its structure, the clumped distribution of recruits in favourable microsites seems to be the more noticeable structure in both the even-aged and the uneven-aged plots. Several management strategies can be proposed in the light of our results: (1) in uneven-aged stands between 1600 m a.s.l. and the timberline, it may be advisable to avoid shrub clearing and logging damage to shrubs as regeneration is associated to shrub cover protection; (2) in even-aged managed stands between 1300 and



1600 m a.s.l., relatively small canopy gap sizes between 80 and 180 m2 (corresponding to circular gaps of radius 10 and 15 m, respectively) could be recommended when opening up the stand with the regeneration cuttings, as the proximity to previous stand structure (upperstory or previous regeneration episodes) provides moderate shade and can help to improve moisture conditions over the summer and thus achieve satisfactory establishment of pine regeneration; and (3) in mixed oak-pine unevenaged stands below 1300 m a.s.l., where the aim is to encourage pine regeneration, individual single oak stems should not be removed as they provide shelter for pine regeneration. However, clumps of sproutorigin trees should be thinned down to few stems as they do not allow pine regeneration to establish. Acknowledgements. The authors thank Estrella Viscasillas and A´ngel Bachiller for their help in the ﬁeld work, Johnathan Ruppert for his help with data analysis, Darı´ o Martı´ n-Benito, Veronica Lo, Jesu´s Julio Camarero and four other anonymous reviewers for their useful comments and Adam Collins for language revision. This study has been funded through the project AGL2007-65795.CO2.01/ FOR of the Spanish Ministry of Education and Science.
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