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National scale variability in forest stand variables among regions of provenances in Spain 1 

 2 

Key message 3 

An in-depth characterization of the forests of 10 dominant species by stand variables at national scale showed, 4 

that overall, stands growing in the southernmost regions of Spain display low regeneration. Otherwise, the 5 

relationships between stand variables and geographic location are species dependent. Similarly, the degree of 6 

inter and interregional variability varies strongly among species.  7 

 8 

Abstract  9 

Context:  10 

The regions of provenance can potentially be used as units with uniform ecological, phenotypic and genetic traits 11 

to characterize forests.  12 

Aims:  13 

Our objective was to characterize forests through stand variables at national scale for the 10 most widespread 14 

dominant tree species in Spain (five Pinaceae and five Fagaceae species) using the regions of provenance as 15 

ecologically homogeneous areas.  16 

Methods:  17 

We used the National Forest Inventory as the dataset and multivariate analyses of variance with a bootstrapping 18 

and principal coordinates analysis for the statistical evaluation.  19 

Results:  20 

Overall, the mean diameter of adult trees was negatively related to recruitment variables and the mean height of 21 

adult trees was negatively related to shrub coverage and number of shrub species. The statistical analyses 22 

revealed significant differences between regions of provenance for all variables. The regions of provenance 23 

where Pinus sylvestris, P. nigra, P. pinea, Quercus suber and Q. ilex are dominant, displayed a large variability 24 

among regions. In contrast, the regions of provenance for P. halepensis, Q. pyrenaica and Q. faginea displayed a 25 

small low inter-regional variability.  26 

Conclusion: 27 

Forest management as well as climate conditions shaped deeply forests, which lead to differences on stand 28 

variables among provenances by species. Stands growing on the southernmost locations, overall, are more prone 29 

to the forecasted climate change due to the low rates of regeneration. 30 

 31 
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 33 

 34 

1. Introduction 35 

 36 

The characterization of forest resources at larger spatial scales is increasingly necessary not only with 37 

regard to biodiversity conservation but also to maintain the goods and services provided by forests (Rosenqvist 38 

et al. 2003). Forest biodiversity can be assessed in terms of genetics, structural complexity, landscape, ecosystem 39 

services and species diversity (Lindenmayer et al. 2000). Indeed, genetic features, composition and structure at 40 

population/ecosystem level are critical for developing effective forest management strategies as well as sound 41 

conservation strategies (Bussotti et al. 2015). Hence, several studies have attempted to describe forest 42 

characteristics, such as site quality (Moreno-Fernández et al. 2018a), wood density (Jordan et al. 2008), 43 

biodiversity (Alberdi et al. 2014), tree growth (Vannoppen et al. 2019) or forest reproductive material (Skrøppa 44 

and Fjellstad 2017), at local, country or even global scale.  45 

Iberian forests grow on sites with different climates and soils (Ruiz-Benito et al. 2012). In fact, the 46 

Iberian Peninsula encompasses three biogeographical regions. Furthermore, Iberian forests provide services and 47 

products beyond wood, such as mushrooms, pine nuts, resin or cork (Calama et al. 2010). The silvicultural 48 

guidelines, indeed, vary sharply depending on the main objective of the stand. All of this is reflected in the state 49 

of the forests, which is primarily quantitatively assessed through stand variables and stand structure. Several 50 

studies have attempted to characterize forest structure and stand variables at fine scales (Vergarechea et al. 51 

2019). However, information on forest features at large spatial scales is scarce (Vayreda et al. 2013; Moreno-52 

Fernández et al. 2019). The characterization of forest ecosystems at national scale requires a large dataset with a 53 



sampling intensity sufficient to cover the whole territory. National Forest Inventories (NFIs) usually fulfill these 54 

requirements (Vayreda et al. 2013). Indeed, NFIs have proved to be a useful tool to characterize forest typologies 55 

(Reque and Bravo 2008; Moreno-Fernández et al. 2018a).  56 

Characterizing forests by stand attributes at coarse scale, however, is not an easy task since many 57 

factors and processes, such as long-term forest management, stand development stage as well as local adaptation 58 

and phenotypic plasticity play a role in the current forest stands (Yen 2015). Areas with uniform ecological 59 

conditions and phenotypic and genetic features, such as regions of provenance (provenance, hereafter), can 60 

contribute to the characterization of forest stands at coarse spatial scales. The European Directive EC 105/99 61 

defines the provenance as “the area or group of areas subject to sufficiently uniform ecological conditions in 62 

which stands or seed sources showing similar phenotypic or genetic characters are found, taking into account 63 

altitudinal boundaries where appropriate”.  64 

Many studies have focused on the genetic variation and genetic structure among the provenances 65 

(Mingeot et al. 2016). Several studies have also evaluated the extent to which tree traits vary among provenances 66 

(Nabais et al. 2018). Additionally, provenances have been used as intra-specific geographical units in progeny 67 

trials (also termed common garden, provenance trials and genetic trials) in order to investigate the response of 68 

population features, such as morphological characters (Gandour et al. 2007), tree allometry (Vizcaíno-Palomar et 69 

al. 2017), survival and growth (Esteban et al. 2010), to environmental conditions. Most of the studies agreed that 70 

these population features and tree trait differ among provenances. Other authors (Benito-Garzón et al. 2019) 71 

have used the provenances to consider local adaptation and phenotypic plasticity in species distribution models 72 

under current and future climatic conditions. Phenotypic plasticity can help populations to persist under climate 73 

change. In this respect, much effort has been directed towards selecting the provenances best adapted to future 74 

climatic conditions (Gross et al. 2017). However, to our knowledge, the characterization of the provenances 75 

according to stand variables is hitherto lacking, although these variables are related to forest biodiversity 76 

(McGeoch et al. 2007). 77 

The main aim of this work was to characterize the forests of the 10 most widespread Spanish tree 78 

species through stand variables using the provenances as spatial units with uniform ecological, phenotypic and 79 

genetic features. We also aimed to test whether significant differences in stand variables exist among the 80 

provenances. For the purposes of our study, we used upperstory and lowerstory variables extracted from the 81 

Spanish NFI. We expect to find significant differences among provenances with respect to the stand variables 82 

studied, larger regeneration rates together with larger values of basal area and number of trees in colder and more 83 

humid sites with respect to sites subjected to harsher climatic conditions although the response to climate 84 

conditions might vary on species, i.e., inter-specific variability. Finally, we expect to find that species in 85 

geographical proximity would be more similar to each other although we assume that forest management could 86 

alter this geographical pattern. 87 

 88 

 89 

2. Material and methods  90 

 91 

2.1. Spanish regions of provenance and species studied 92 

Spain uses two methods to delineate the regions of provenance, a divisive and an agglomerative method. The 93 

divisive method divides the territory into ecologically homogenous units assuming that the ecological variables 94 

used to characterize the regions are important for plant growth. This method allows the same regions to be 95 

defined for all species but does not consider special features of the species such as patterns of distribution or 96 

genetic variation. The agglomerative method groups the stands of a given species with similar phenotypic, 97 

genetic or ecological features to form a region of provenance. The selection of ecological, phenotypic and 98 

genetic features to delineate differs among countries. In Spain, following variables have been used: geographical 99 

information, altitude, climate, soil, information on neutral genetic markers, on field trials and on provenance 100 

trials as well as growth rates and adaptation traits (Alía et al. 2009). Thus, each species is present in several 101 

provenances which are expected to define the variation pattern of the species more precisely. The agglomerative 102 

method has been developed for the main tree species whereas the divisive method is used to delineate the 103 

provenances of secondary tree species in Spain (Alía et al. 2005; Auñón et al. 2011). In this case we use the 104 

provenances defined by the agglomerative method for 10 widespread, native species of the two most important 105 



families (Pinaceae and Fagaceae) employed in the forestry sector from both economic and ecological 106 

perspectives: Pinus sylvestris L., P. nigra Arn., P. pinaster Ait., P. pinea L., P. halepensis Mill, Quercus 107 

pyrenaica Willd., Q. faginea Lam., Q. suber L., Q. ilex L. and Fagus sylvatica L.. These species account for 108 

more than 90% of the volume of the native species in Spain according to the NFI. 109 

 110 

2.2. Spanish National Forest Inventory and stand variable selection 111 

 112 

For the purposes of our study, we used data from the Third NFI, conducted between 1997 and 2007. The NFI 113 

consists of permanent sampling points established in woodland areas  on a 1 x 1 km grid. At each sampling 114 

point, adult trees are identified and measured in four concentric circular plots with radii of 5, 10, 15 and 25 m 115 

according to their diameter at breast height (dbh) (Alberdi et al. 2016). We expanded the attributes of the trees 116 

measured in each concentric plot to per-hectare values by considering the plot area (Table 1).  117 

The NFI classifies the regeneration within the 5-m-radius plot into four categories according to their 118 

dbh and height (Table 2). The NFI groups the number of plants in the  regeneration categories into four 119 

categorical abundance classes. In the largest regeneration category (4), the number of plants is counted. We 120 

merged the three smallest regeneration categories into the seedling cohort (plants with dbh<2.5 cm) whereas the 121 

largest regeneration categories were merged as the sapling cohort (height≥1.3m and dbh<7.5 cm). As with the 122 

adult trees, the number of seedlings and saplings was expanded to per-hectare values (further details of the 123 

regeneration field protocol are shown in Table 2).  124 

The NFI estimates the coverage (%) of each shrub species in the 10-m-radius plot. Finally, we 125 

calculated the shrub species number at each sampling point. 126 

In order to characterize the provenances, we use both upperstory and lowerstory variables. In the 127 

upperstory we consider: i) number of adult trees per hectare (N), ii) mean diameter of the adult trees (Dn, cm), 128 

iii) mean height of adult trees (H), iv) basal area (G, m
2
 ha

-1
); and for the lowerstory: v) number of seedlings per 129 

hectare (Nse), vi) number of saplings per hectare (Nsa), vii) shrub coverage (ShCov, %) and viii) number of 130 

shrub species (Rshrub).  131 

The Spanish NFI records information on the presence of silvicultural operations, such as regeneration 132 

felling, thinning or pruning, and the occurrence of forest fires. This information is useful to account for the effect 133 

of perturbations on the stand features. 134 

In this study, we selected those plots in which the basal area dominance of the reference species was 135 

equal to or above 80%. Regions sampled with a minimum of 20 plots were used. The mean attributes of the 136 

stands can be found in Table 3 and attributes per region of provenance and the maps of the provenances studied 137 

are shown in Annexes 1 and 2, respectively. 138 

 139 

2.3. Data analysis 140 

 141 

In order to test whether there are significant differences in the multivariate means for the different provenances, 142 

we used a two-way multivariate analysis of variance approach (MANOVA) which incorporates a parametric 143 

bootstrap routine with 1000 bootstrap runs (Konietschke et al. 2015; Friedrich et al. 2018). The parametric 144 

bootstrap methods overcomes the assumptions of multivariate normality and covariance homogeneity among 145 

groups for the classical MANOVA. The parametric bootstrap routine also allows MANOVA to handle 146 

unbalanced designs (Krishnamoorthy and Lu 2010; Konietschke et al. 2015; Friedrich and Pauly 2018). In the 147 

two-way MANOVA, we included a Provenance factor and the Perturbation factor (binary variable, 0 = no 148 

perturbation, 1 = perturbation) as well as the interaction Provenance x Perturbation to account for the effect of 149 

silvicultural operations and that of wildfires. We calculated the modified ANOVA-type statistic (MATS) as well 150 

as the p-value given by the parametric resampling routine to determine the significance of the factors (Friedrich 151 

and Pauly 2018). When the global hypothesis was rejected at 5% level, we performed the univariate analysis 152 

using the parametric bootstrap MATS and the Bonferroni adjustment to investigate the univariate outcomes that 153 

caused the rejection. Furthermore, principal coordinate analysis (PCoA) was used to visualize the patterns of the 154 

provenances in a two-dimensional reduced space, i.e., biplots, by adding the 95% confidence intervals of the 155 

weighted averages of the provenances. 156 

All the statistical analyses were performed with R 3.6.0. software (R Core Team 2019). MANOVA and 157 

related analyses were conducted with the “MANOVA.wide” function of the “MANOVA.RM” package 158 



(Friedrich et al. 2018) and the PCoAs analyses were carried out using the “cmdscale” and “ordiellipse” functions 159 

of the “vegan” package (Oksanen et al. 2018). Finally, we mapped the provenances of each species and colored 160 

them using the red and green colors from the RGB palette of ArcGIS 10.3 (ESRI 2015). Red color [0, 255] was 161 

assigned to the X coordinates (first PCoA axis) of the centroids of the provenances and the green color [0, 255] 162 

to the Y coordinates (second PCoA axis) of the centroid whereas the blue color was set to zero. We assigned red 163 

= 0 to the leftmost centroid and red = 255 to the rightmost centroid. The same applies to the green color but with 164 

the lowermost and uppermost centroids. Thus, we attempted to represent the variability detected in the PCoAs 165 

into the geographical space. 166 

 167 

 168 

3. Results  169 

 170 

3.1. Inter-species assessment of stand attributes  171 

 172 

The biplots based on the upperstory and lowerstory stand variables revealed similar relationships of variables 173 

among species (Figs. 1 and 2). In general, the mean diameter of adult trees was negatively related to recruitment 174 

variables (number of seedlings and number of saplings) while the mean height of adult trees was negatively 175 

related to shrub features (shrub coverage and shrub species number). However, the mean diameter of F. sylvatica 176 

was not related to shrub features although the basal area of this species negatively influenced shrub features. In 177 

the case of P. halepensis, the biplot from the PCoA revealed a negative relationship between the mean diameter 178 

and density variables (basal area and number of adult trees per hectare).  179 

 180 

3.2. Variations in stand variables among regions of provenance of the species studied 181 

 182 

We found that the resampling-based p-values of the Provenance for the two-way MANOVA approach were 183 

lower than 0.001 (Table 4) for all the species, implying that there are significant differences among provenances 184 

with respect to the eight stand variables studied. The resampling-based p-values for the univariate analysis using 185 

the parametric bootstrap MATS were always smaller than 0.05 (data not shown) indicating that all the variables 186 

contribute to the significant difference among provenances for the 10 species studied. Overall, we found a 187 

significant effect of the Perturbation factor and the interaction Provenance x Perturbation indicating that the 188 

silvicultural treatments and the wildfires contributed to explain the variation of forests attributes (Table 4). 189 

  The PCoAs procedure placed several provenances close to the center of the biplots (coordinates 0, 0) 190 

overlapping the 95 % confidence intervals (Figs. 1 and 2). This indicates weak associations with the PCoAs axes 191 

and nonsignificant differences among these provenances. This is especially evident for some RPs of P. sylvestris, 192 

P. pinaster, P. halepensis, Q. faginea, Q. pyrenaica and F. sylvatica.  193 

The PCoAs located the geographically closer provenances together whereas the provenances which are 194 

more distant from each other geographically tend to be more separated in the biplots for some species, such as P. 195 

nigra, Q. ilex and Q. suber. In the case of P. nigra, the biplot (Fig 1b) placed the RPs 8 and 13, which 196 

correspond to southern locations, in close proximity in the reduced space, while the RPs 1, 2, 3, 5 and 6 197 

(Pyrenees, Pre-Pyrenean and eastern locations; Annex 2) are grouped closely in the reduced space of the biplot. 198 

Furthermore, southern provenances of P. nigra are characterized by a large mean diameter, low regeneration and 199 

low intra-regional variability (small 95% confidence intervals of the weighted averages) whereas the Pyrenees, 200 

Pre-Pyrenean and eastern locations present more seedlings and saplings, a greater number of tree and shrub 201 

species and more intra-regional variability (large 95% confidence intervals of the weighted averages). This 202 

phenomenon of large variations in the variance among provenances for a given species is known as the 203 

heterogeneity of variances or heteroscedastic variances. This is especially evident in the case of Q. ilex (Fig. 2d) 204 

where provenances 1, 7, 8 and 11 (western Spain) have small 95% confidence intervals of the weighted 205 

averages, i.e., low variance, whereas provenances A, D or E have large 95% confidence intervals of the weighted 206 

averages, i.e., high variance. There is also a relationship between geographical distribution and biplot 207 

distribution for P. pinea. In this respect, the biplot placed the provenances 1 and 2 (central locations) and the 208 

provenances 3, 4 and 5 (southern locations) in close proximity, with provenance 6 (northeast Spain) being 209 

separated from the rest. Central provenances are characterized by large mean plot diameter and height and by 210 



low regeneration and low intra-regional variability, while provenance 6 displays the opposite characteristics and 211 

the central locations present intermediate characteristics. 212 

In the case of Q. ilex and Q. suber the PCoAs biplots grouped the provenances (Figs. 2c and 2d, 213 

respectively) located in open woodlands (provenances 1 and 11 for Q. ilex and provenances 1, 2, 3, 4 and 5 for 214 

Q. suber) close together. The biplots of Q. ilex and Q. suber indicate that provenances in open woodlands are 215 

characterized by large diameters, low regeneration and open shrub coverage. 216 

The correspondence between the geographical locations of the provenances and the positions in the two-217 

dimensional reduced space is not so evident for other species, such as P. sylvestris and P. pinaster. Some 218 

patterns, however, can be identified. The RPs of P. sylvestris located in Central Spain (provenances 8, 9, 10, 12 219 

and 13; Annex 2) are situated in relative proximity in the reduced space (Fig. 1a) and generally show larger 220 

diameter, lower number of younger individuals and less shrub coverage than some of the provenances located in 221 

the North of Spain (provenances 4 and 7). Similarly, the provenances of P. pinaster located in the central-222 

western area (provenances 5, 6, 7 and 8, with high diameter and height and low regeneration, shrub coverage and 223 

number of shrub species) or in the central-eastern area of Spain (provenances 9, 10, 11, 12, 14, 15, 16 and 18, in 224 

general displaying the opposite relationships with the stand variables) are situated, respectively, close together in 225 

the reduced space of the biplot. 226 

 227 

 228 

4. Discussion  229 

 230 

To our knowledge, this is the first attempt to classify and describe forest stands at such as broad scale. Classical 231 

multivariate techniques, such as traditional MANOVA, analysis of similitudes or permutation analysis of 232 

variance, do not satisfy one or several statistical assumptions (non-normality, unbalanced design and 233 

heteroscedasticity among groups) and therefore, the results provided through these techniques may be biased and 234 

unreliable (Krishnamoorthy and Lu 2010). The approach employed in this study, the two-way MANOVA with 235 

parametric bootstrap, is capable of dealing with non-normally distributed data with variance heterogeneity as 236 

well as unbalanced designs (Krishnamoorthy and Lu 2010; Friedrich et al. 2018).  237 

The results of the MANOVAs and the PCoAs reveal a significant influence of the provenances on stand 238 

features (upperstory and lowerstory variables) for the 10 species studied. The influence of long-term forest 239 

management on the stand attributes cannot be neglected and contributes to the interpretation of the results. In 240 

fact, the Perturbation factor emerged as a significant factor to explain forest variability. Clear examples of the 241 

effects of forest management on stand variables at coarse spatial scale are the stands of Q. ilex and Q. suber. 242 

Agrosilvopastoral open woodlands of both species are common in the west and south-west of the Iberian 243 

Peninsula (provenances 1 and 11 of Q. ilex and provenances 1, 2, 3, 4 and 5 of Q. suber) (Simões et al. 2016; 244 

Moreno-Fernández et al. 2019). These systems are originated from thinning of closed stands to combine tree, 245 

agriculture and livestock exploitation (Gea-Izquierdo et al. 2011; Acácio et al. 2017). On the other hand, more 246 

closed stands are predominant in other locations of the Iberian Peninsula (Serrada et al. 2017). As regards the 247 

agrosilvopastoral open woodlands, the stand characteristics reported in this study (large diameter and low 248 

regeneration) are in agreement with previous findings at finner scales (Moreno-Fernández et al. 2019). Several 249 

authors suggested that the intensive management, which includes high pressure of livestock and shrub removal, 250 

preclude the establishment of new individuals and leads to the senescence of standing trees (Simões et al. 2016; 251 

Moreno-Fernández et al. 2019). Furthermore, stands with large diameters are in the development stage before the 252 

installation of new cohorts. The negative relationship between mean diameter of P. halepensis and density 253 

variables can be due to the harsh sites where this species grows in Spain. The stands of P. halepensis usually are 254 

located on sites characterized by an intense summer drought (De Luis et al. 2011). Additionally, thinnings are 255 

usually neglected and all together result in dense stands of trees with small diameters. In contrast to other 256 

species, the basal area of F. sylvatica was the main variable related to the shrubs variables. This is due to the low 257 

light transmittance in closed stands of F. sylvatica, which impedes the development of understory plants (Barbier 258 

et al. 2008). 259 

Lack of regeneration of P. nigra in southern (provenances 8 and 13) and Central (provenance 7) 260 

locations has previously been reported, for instance, by Tíscar et al. (2011) and Lucas-Borja et al. (2012), 261 

respectively. We also detected this South-North regeneration pattern for P. sylvestris and this is supported by 262 

previous findings at a finer scale. Indeed, several studies point to the difficulty of achieving natural regeneration 263 

of P. sylvestris in Central (Pardos et al. 2007) and southern Spain (Castro et al. 2004), particularly because of 264 

pronounced drought during summer. The above-mentioned South-North pattern of tree species regeneration in 265 



the Iberian Peninsula is attributed to harsher climatic conditions in the southernmost locations (Matías et al. 266 

2018; Moreno-Fernández et al. 2019). Vilà-Cabrera et al. (2011) identified that the lack of regeneration is 267 

positively related to adult tree mortality in the case of P. sylvestris, so that it is expectable that the largest 268 

mortality rates of this species takes place in the southern locations. The South-North pattern is also expect to 269 

have some influence on tree features such as the tree height-diameter allometry (Vizcaíno-Palomar et al. 2016; 270 

Vizcaíno-Palomar et al. 2017). 271 

Our findings revealed strong differences among the provenances of P. pinea. This species grows, 272 

generally, on sandy soils but under different climatic conditions. For instance, provenance 2 is located on 273 

mountainous area (above 800 m asl) with a continental-Mediterranean climate (Mayoral et al. 2015) whereas 274 

provenance 4 is located close to the sea level and the temperatures are soft with influence of the Atlantic Ocean. 275 

This is expectable that this broad range of site conditions affect the stand variables of P. pinea among 276 

provenances. This is recognized that this species shows low genetic diversity (Sánchez-Gómez et al. 2011) and 277 

the phenotypic plasticity of adult trees is of greater importance than adaptive differentiation among provenances 278 

in terms of survival or tree growth (Mutke et al. 2010). In this regard, Pardos and Calama (2018) reported that 279 

this adaptive plasticity allows P. pinea to adapt to a broad range of environmental conditions. The provenance 280 

with the highest rates of regeneration (provenance 6) is located in North-East of Spain (Coll et al. 2013) showed 281 

that the conditions in this area are favorable for tree regeneration whereas provenances 1 and 2 usually lack of 282 

regeneration, as Calama and Montero (2007) and Manso et al. (2013) stated. In fact, the lack of regeneration in 283 

provenances 1 and 2 is linked to the larger diameters found in these provenances with respect to the other 284 

provenances. 285 

We expected, however, to find important differences among the provenances of P. pinaster due to its 286 

diverse genetic traits (González-Martínez et al. 2002), phenotypical variability (Vizcaíno-Palomar et al. 2017) 287 

and the alternative management strategies (Diéguez-Aranda et al. 2005; Rodríguez-García et al. 2015). This 288 

species, which presents regional adaptations (González-Martínez et al. 2002), is subdivided into two subspecies 289 

(atlantica in the Atlantic basin, provenances 1a and 1b, and mesogeensis in the rest of the Iberian Peninsula), 290 

with different management strategies and growth rates. Subspecies atlantica is subjected to intensive 291 

management for wood and paper production whereas the subspecies mesogeensis presents substantial differences 292 

in terms of ecology and management, ranging from vigorous stands used for wood production and resin 293 

production to low density stands with lack of regeneration (Diéguez-Aranda et al. 2005; Rodríguez-García et al. 294 

2015). Atlantic provenances (provenances 1a and 1b) are situated in close proximity in the biplot, although they 295 

are not separated from the rest of the provenances. The scarce regeneration found in the regions of central-296 

western Spain supports the findings of previous studies (Vergarechea et al. 2019).  297 

 The significant influence of the provenances on stand attributes is also expected to be linked to local 298 

adaptation and phenotypic plasticity to site conditions (Gárate-Escamilla et al. 2019; Benito-Garzón et al. 2019), 299 

which have been shown to vary widely across the study area (Moreno-Fernández et al. 2018a). However, 300 

disentangling the contribution of phenotypic plasticity and local adaptation to intra-specific variations is beyond 301 

the scope of this work and common garden trials would be necessary to obtain proper inferences (Brancalion et 302 

al. 2018).  303 

Despite the significant influence of the provenance with respect to the upperstory and lowerstory 304 

variables, the closeness of many provenances centroids to the biplot center suggest moderate variability among 305 

provenances for some species (e.g., P. halepensis, Q. pyrenaica and Q. faginea). The large variability of forest 306 

studied within a given provenance can hinder the detection of more significant differences among provenances. 307 

In fact, the minimum mean diameter of the plots used to conduct this study was 7.5 cm. This means that several 308 

stand development stages were considered (Harvey and Brais 2007). It is also important to note the influence of 309 

origin; both the vegetative origin and the origin of the seed used for reforestations, on the stand variables. As 310 

regards the vegetative origin, Fagaceae species form both coppices and standards. Hence, some of these species 311 

have been managed as coppices to produce firewood over prolonged periods (Cañellas et al. 2004; Serrada et al. 312 

2017). Furthermore, foreign forest reproductive material or reproductive material from other provenances has 313 

sometimes been used in reforestations, especially in the reforestations carried out in the first half of the last 314 

century (Ennos et al. 1998). This could lead to a mixture native and non-native stands of a given species within 315 

the same provenance. For instance, reproductive material from the subspecies P. pinaster messogensis was used 316 

in reforestations in northern Spain where the subspecies atlantica grows naturally (Alía et al. 1996). In the case 317 

of P. nigra, seeds of a native subspecies and other foreign subspecies were planted (Moreno-Fernández et al. 318 

2018b). Therefore, the mixing of stands of different origin (vegetative origin, i.e., seeds or shoots, and 319 

geographical seed origin) across the provenances may introduce „noise‟ in the analyses. In this regard, Ruiz-320 

Benito et al. (2012) found that autochthonous pine populations show larger regeneration than non-autochthonous 321 



pine populations. Finally, it is important to note that some provenances were not included in the analyses 322 

because they fell short of the minimum number of plots (20) with basal area dominance of the reference species 323 

equal to or greater than 80%. This could also hinder the detection of other differences among provenances. 324 

 325 

5. Conclusion 326 

 327 

The fact that our results the country scale are in accordance with previous findings at finer scales, confirms the 328 

suitability of our approach from an ecological perspective. Our findings show that upperstory and lowerstory 329 

features vary among provenances for most of the species studied although provenances in geographical 330 

proximity to each other usually present similar stand attributes. Hence, in terms of stand characterization, the use 331 

of forest reproductive material from regions which are close to one another would appear to be appropriate for 332 

forestry operations, although the projected changes in climate conditions could require the use of material from 333 

population subjected to hasher conditions.  334 

The results obtained in this study provide a tool for large-scale planning as well as in forest policy decision-335 

making at national scale, by identifying relevant differences in the stand structure characteristics between the 336 

different regions by species. For instance, sites where the regeneration is poor where located, especially 337 

southernmost locations and it is expectable that the stands growing on these sites are more prone to the 338 

forecasted climate change 339 

This methodology could be extended to other countries. In fact, it should be possible to assess the way in 340 

stand variables of some widespread species, such as P. sylvestris or F. sylvatica, vary across Europe. In this 341 

work, however, we have not accounted for the local adaptation or phenotypic plasticity. Then, further steps must 342 

be oriented towards disentangling the role of genetic variability, phenotypic plasticity, climate change and forest 343 

management on forest features and structural indices at large spatial scales for a better understand of the forests 344 

as well as for the conservation of forest resources. 345 

Moreover, more research is needed to disentangle the role of local adaptation, phenotypic plasticity, climate 346 

change and forest management on forest features and structural indices at large spatial scales. 347 

 348 

 349 

Annexes  350 

 351 

Annex 1. Average stand attributes for the studied species by regions of provenance. 352 

Annex 2. Maps of the regions of provenance for the 10 species included in the study. 353 

 354 
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 552 

Tables 553 

 554 

Table 1 Radius of the plots established at each sampling point of the National Forest Inventory, diameter at 555 

breast height (dbh) threshold as well as the expansion factor to values per hectare of each plot. 556 

Plot radius (m) dbh threshold Expansion factor 

5 dbh ≥ 7.5 cm 127.32 

10 dbh ≥ 12.5 cm 31.83 

15 dbh ≥ 22.5 cm 14.15 

25 dbh ≥ 42.5 cm 5.09 

 557 

 558 

 559 

 560 

 561 

 562 

 563 

 564 

 565 

 566 

 567 

 568 

 569 

 570 

 571 

 572 

 573 

 574 

 575 

 576 

 577 

 578 

 579 

 580 

 581 

 582 

 583 

 584 

 585 

 586 

 587 

 588 

 589 

 590 

 591 

 592 

 593 

 594 

 595 

 596 

 597 

 598 



 599 

Table 2 Regeneration categories established, recording methods, cohort classification in the 5-m plot of the 600 

National Forest Inventory (NFI) sampling points and expansion factor to values per hectare. 601 

NFI regeneration categories Recording method Cohort Expansion factor 

(1) height <30 cm Abundance classes (0, 1, 2, 3) Seedlings 127.32 

(2) 30≤height<130 cm Abundance classes (0, 1, 2, 3) Seedlings 127.32 

(3) height≥130 cm and dbh<2.5 cm Abundance classes (0, 1, 2, 3) Saplings 127.32 

(4) height ≥ 1.3 m and 2.5 ≤ dbh <7.5 cm Count (number of plants) Saplings 127.32 

Abundance classes: 0 (0 plants in the plot), 1 (2 to 4 plants in the plot), 2 (5 to 15 plants) and 3 (more than 15 602 

plants). dbh: diameter at breast height 603 

 604 

 605 

 606 

 607 

 608 

 609 

 610 

 611 

 612 

 613 

 614 

 615 

 616 

 617 

 618 

 619 

 620 

 621 

 622 

 623 

 624 

 625 

 626 

 627 
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 629 
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 631 

 632 

 633 
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 635 

 636 

 637 

 638 

 639 

 640 

 641 

 642 

 643 

 644 

 645 

 646 



Table 3 Number of plots (n), number of regions of provenance (Prov) considered in this study and mean values 647 

of number of adult trees per hectare (N), mean diameter of the adult trees (Dn in cm), mean height of adult trees 648 

(H in m), basal area (G in m
2
 ha

-1
), number of seedlings per hectare (Nse), number of saplings per hectare (Nsa), 649 

shrub coverage (ShCov in %) and number of shrub species (Rshrub) for the regions of provenance of the 10 650 

studied species. Standard deviation is shown in brackets. Plots with 80% dominance in basal area of the 651 

reference species were selected. 652 

Species n Prov N Dn H G Nse Nsa ShCov Rshrub 

Pinus 

sylvestris 

3858 15 661 

(515) 

21.1 

(7.2) 

10.2 

(3.4) 

21.8 

(13.6) 

7609 

(5411) 

777 

(1144) 

32.5 

(28.7) 

4 

(2) 

Pinus 

nigra 

2825 8 560 

(545) 

20.3 

(8.6) 

8.7 

(3.0) 

14.4 

(10.8) 

6715 

(4546) 

636 

(866) 

44.3 

(28.9) 

5 

(3) 

Pinus 

pinaster 

4104 21  464 

(451) 

23.7 

 (9.0) 

11.0 

(4.2) 

 17.7 

(13.2) 

2941 

(2837) 

419 

 (876) 

64.8 

 (45.1) 

5 

(3) 

Pinus 

pinea 

1454 6 268 

(279) 

26.8 

(11.2) 

8.8 

(3.1) 

11.6 

(8.1) 

2310 

(2467) 

183 

(483) 

41.8 

(36.3) 

5 

(3) 

Pinus 

halepensis 

8649 20 357 

(337) 

19.4 

(7.3) 

7.9 

(2.7) 

9.0 

(7.2) 

4205 

(3723) 

408 

(654) 

68.2 

(35.6) 

8 

(4) 

Quercus 

pyrenaica 

2747 16 607 

(646) 

19.3 

(13.1) 

8.7 

(2.8) 

11.2 

(9.9) 

4260 

(2774) 

895 

(1371) 

48.4 

(37.2) 

4 

(2) 

Quercus 

faginea 

1268 12 543 

(597) 

17.8 

(14.0) 

6.7 

(2.4) 

8.5 

(8.4) 

7642 

(4542) 

1142 

(1381) 

49.6 

(32.7) 

5 

(3) 

Quercus 

suber 

1447 9 253 

(322) 

30.1 

(15.2) 

7.6 

(2.3) 

11.6 

(8.4) 

3969 

(3634) 

268 

(649) 

68.7 

(44.4) 

7 

(4) 

Quercus 

ilex 

10582 23 343 

(539) 

25.8 

(17.3) 

6.1 

(1.8) 

6.5 

(6.1) 

4037 

(3959) 

774 

(1418) 

36.1 

(36.3) 

4 

(3) 

Fagus 

sylvatica 

2115 12 570 

(512) 

28.2 

(14.7) 

15.5 

(5.2) 

 25.5 

(11.4) 

3438 

 3290) 

657  

(1224) 

17.0 

 (24.2) 

 2 

(2) 
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 655 
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 662 
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 664 

 665 

 666 

 667 

 668 
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 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 



Table 4 Modified ANOVA-Type statistic (MATS) and the resampling-based p-values for the two-way 681 

multivariate analysis of variance approach 682 

Species Provenance Perturbation Provenance x Perturbation 

MATS p-value MATS p-value MATS p-value 

Pinus sylvestris 5438.05 <0.001 150.52 <0.001 405.50 <0.001 

Pinus nigra 1910.25 <0.001 25.98 0.344 163.22 0.001 

Pinus pinaster 4864.54 <0.001 118.64 <0.001 440.98 <0.001 

Pinus pinea 1798.97 <0.001 24.74 0.006 41.63 0.465 

Pinus halepensis 9361.97 <0.001 145.41 <0.001 376.40 <0.001 

Quercus pyrenaica 2699.67 <0.001 61.91 <0.001 259.98 0.068 

Quercus faginea 1657.42 <0.001 14.81 0.142 181.54 0.039 

Quercus suber 2910.46 <0.001 45.58 <0.001 177.26 <0.001 

Quercus ilex 14101.39 <0.001 64.41 0.001 505.79 0.027 

Fagus sylvatica 1376.27 <0.001 79.06 <0.001 227.39 0.018 
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Figures 722 

 723 
Fig.1 Biplots based on the upperstory and lowerstory data for the Pinaceae species. Green arrows represent the 724 

upperstory and lowerstory variables: number of adult trees per hectare (N), mean diameter of the adult trees 725 

(Dn), mean height of adult trees (H), basal area (G), number of seedlings per hectare (Nse), number of saplings 726 

per hectare (Nsa), shrub coverage (ShCov) and number of shrub species (Rshrub). Ellipses represent 95% 727 

confidence intervals around the centroids of the regions of provenance. The numbers in the centroids refer to the 728 

regions of provenance code (see Annex 1 and 2). 729 

 730 



 731 
Fig.2 Biplots based on the upperstory and lowerstory data for the Fagaceae species. Green arrows represent the 732 

upperstory and lowerstory variables: number of adult trees per hectare (N), mean diameter of the adult trees 733 

(Dn), mean height of adult trees (H), basal area (G), number of seedlings per hectare (Nse), number of saplings 734 

per hectare (Nsa), shrub coverage (ShCov) and number of shrub species (Rshrub). Ellipses represent 95% 735 

confidence intervals around the centroids of the regions of provenance. The numbers in the centroids refer to the 736 

regions of provenance code (see Annex 1 and 2). 737 
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