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RESUMEN 

La gestión de los bosques ha pasado de estar centrada únicamente en la producción de 

madera a orientarse a la conservación y aprovechamiento de una gran variedad de recursos que 

incluyen entre otros aspectos la gestión de los hábitats de la fauna silvestre y de los productos no 

maderables ó la estabilidad del suelo. A su vez la regeneración natural en los ecosistemas 

Mediterráneos se encuentra expuesta a numerosos problemas que hacen el futuro de estos 

ecosistemas sea preocupante e incierto, y los escenarios climáticos predicen episodios de sequías 

más frecuentes y temperaturas más elevadas. Todo esto hace que sea necesario analizar las 

prácticas selvícolas que se llevan a cabo en la actualidad. En este contexto los propietarios y 

gestores forestales necesitan herramientas con base científica para gestionar de los bosques de 

manera que se consigan alcanzar múltiples objetivos a distintas escalas espaciales y temporales. 

Esta tesis pretende analizar el impacto que tiene la gestión forestal que se desarrolla en la 

actualidad en los patrones de regeneración y en la diversidad estructural de las masas de pino 

silvestre (Pinus sylvestris L.) y de pino piñonero (Pinus pinea L.), dos especies con una gran 

importancia ecológica y socio-económica, y que representan parte de la variabilidad de tipologías 

que se pueden encontrar en los pinares de la Península Ibérica. 

La regeneración del pino silvestre y del pino piñonero presentó una estructura de tipo 

agregado bajo todos los métodos selvícolas estudiados (Capítulos 2-4). Los resultados del análisis 

del patrón espacial indicaron que existe una relación de facilitación a pequeña escala del arbolado 

adulto sobre el regenerado (Capítulos 2-3). Sin embargo, a escalas mayores las propiedades del 

suelo fueron el factor más influyente en el patrón de regeneración (Capítulo 4), lo que sugiere 

que las estrategias para conseguir una regeneración natural adecuada deben centrarse tanto en 

escalas pequeñas, mediante la gestión de los árboles adultos, como en escalas mayores influyendo 

en las propiedades del suelo. Delimitando los principales factores subyacentes que determinan el 

patrón espacial del regenerado se alcanza un mejor conocimiento de los procesos que intervienen 

en el desarrollo de las masas forestales, lo cual representa un avance analítico y una referencia 

para futuros trabajos dedicados al análisis espacial de la regeneración. Los índices de diversidad 

fueron útiles para distinguir varios tipos de estructura (Capítulos 5 y 6). También se demostró su 

aplicación a los datos de inventarios forestales y a la toma de decisiones en la gestión forestal 

(Capítulos 5 y 6). Otra de las novedades metodológicas presentadas en esta tesis ha sido el 
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desarrollo de un nuevo índice de diversidad basado en la raíz cuadrada de las diferencias de las 

alturas (SQRI), que se presenta como una alternativa a los índices existentes para el cálculo de la 

diversidad de estructura vertical (Capítulo 6). La diversidad resultó mayor en las masas irregulares 

tanto puras como mixtas que en las masas regulares (Capítulos 5 y 6) y su relación con la edad de 

la masa varió según la especie y el índice empleado para medir la diversidad. La diversidad 

vertical disminuyó a lo largo del turno en las masas regulares como consecuencia de las claras por 

lo bajo que se llevaron a cabo en estas masas (Capítulo 6), aunque esta disminución fue menos 

evidente en las masas de pino piñonero, más homogéneas que las de pino silvestre en los estados 

iniciales (Capítulo 5). 

Desde un punto de vista operativo, los resultados sugieren fomentar las masas irregulares o al 

menos emplear prácticas de gestión más flexibles, que utilicen cortas más frecuentes y más 

heterogéneas en el espacio (combinadas con perturbaciones del suelo a pequeña escala si es 

necesario) para generar estructuras con múltiples edades. De esta forma, se promoverían 

periodos de regeneración más largos, que conseguirían a su vez incrementar la diversidad 

estructural y el éxito en la regeneración de las masas de pino silvestre y pino piñonero. 

 

Palabras clave: regeneración natural; estructura; Pinus sylvestris; Pinus pinea; índice de diversidad; 

análisis espacial a múltiples escalas; heterogeneidad ambiental; competencia; copas; aclareo 

sucesivo; cambio climático. 
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ABSTRACT 

Management of forests has changed towards the provision of a variety of resources, including 

wildlife habitat, soil stability or non-timber forest products, while still providing for timber 

products revenue. Moreover, since natural regeneration of Mediterranean ecosystems is very 

uncertain and fraught with problems, and since future climate scenarios predict more frequent 

droughts and warmer temperatures, the need to critically assess common silvicultural practices 

has arisen. In this context, forest owners and managers need adequate science-based decision 

support tools for management, in order to meet multiple objectives at different temporal and 

spatial scales. The present thesis aimed to analyze the impact of current management practices 

on the regeneration patterns and structural diversity of Scots pine (Pinus sylvestris L.) and Stone 

pine (Pinus pinea L.) stands, two species with a great ecological and socio-economical importance 

that represent some of the variability in forest typologies found in Iberian Peninsula pinewoods.  

Regeneration of both Scots pine and Stone pine showed a spatially autocorrelated structure 

under all of the silvicultural systems studied (Chapters 2-4). The results from spatial pattern 

analysis revealed a small-scale facilitative relationship between the upperstory and understory 

populations (Chapters 2-3). However, soil properties were the most important factor 

determining regeneration pattern at larger scales (Chapter 4), suggesting that strategies to 

enhance regeneration need to focus both on small scales and on larger scales by managing 

upperstory trees and soil condition. The delineation of the principal environmental determinates 

underlying spatial pattern formation as demonstrated in this study (Chapters 2-4) represents an 

analytical advancement and framework for further work in spatial analyses of forest regeneration. 

Diversity indices were successfully used to discriminate among various stand-type variants 

(Chapters 5-6). Their wider applicability in forest inventory (Chapter 5) and decision-making 

(Chapters 5-6) was also demonstrated. Another novelty of this thesis was devising a new 

diversity index, based on the square root of height differences (SQRI) as an alternative to the 

existing indices that quantify structural diversity (Chapter 6). Diversity was highest in the pure 

and mixed uneven-aged stands analyzed (Chapters 5-6) and changed in different ways with 

increasing age depending on the species and index used to measure diversity. Thinning from 

below accounted for the decrease in vertical diversity throughout the rotation in even-aged 
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stands (Chapter 6), but this decrease was less evident in Stone pine stands, where the initial stand 

state was more homogeneous (Chapter 5).  

Operationally, the results suggest that implementing uneven-aged management strategies or 

management practices using more frequent but more spatially heterogeneous harvests (combined 

with small scale soil disturbances if necessary) that generate complex multi-aged structures and 

promote longer regeneration periods would increase both structural diversity and regeneration 

success within Scots pine and Stone pine stand types.   

 

Keywords: natural regeneration; stand structure; Pinus sylvestris; Pinus pinea; diversity index; 

multiscale spatial analysis; environmental heterogeneity; competition; crowns; shelterwood 

system; changing climate. 
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PREFACE 

This thesis represents the final work of my PhD studies at the Center for Forest Research 

CIFOR-INIA in Madrid. The thesis work was carried out between September 2005 and 

December 2009 and it was funded through a doctoral grant that I received within the project 

AGL2004-07094.CO2.01/FOR of the Spanish Ministry of Education and Science. 

The primary objective of this study was to examine the impact of various silvicultural systems 

on the natural regeneration and structural diversity of Scots pine and Stone pine stands, which 

are two Iberian pine species with great ecological and socio-economical importance. This thesis 

consists of seven chapters where I have covered various spatial and temporal scales, using 

different data sets and employing different methodological approaches. In the first chapter I 

introduce the topic of forest natural regeneration and stand structure, summarizing the main 

objectives of the thesis. Chapters 2, 3 and 6 are already published in scientific journals included 

in the SCI, while chapter 4 is under review and chapter 5 is still a manuscript. These five chapters 

follow the general structure of scientific articles (introduction, material and methods, results and 

discussion) and can therefore be read independently from each other. Throughout the chapters, I 

provide specific management recommendations towards enhancing regeneration success and 

achieving a higher structural diversity in the pine forests studied. In the last chapter I discuss the 

main findings of the whole thesis work, connecting the findings of the studies that focus on 

regeneration with the ones that focus on stand structure, and linking the results obtained at 

various spatio-temporal scales as well.  

My thesis research suggests the importance of considering stand structural dynamics and 

natural regeneration together in forest management in order to implement sustainable strategies 

adapted to future environmental changes. 
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1. Introduction 

1.1 Forest regeneration and structure 

Over the last few decades forestry paradigms have shifted from productivity-objective 

forestry towards multi-objective forestry and later on to sustainable forestry, which includes 

functional and structural ecosystem components such as biodiversity (Zavala et al. 2004). 

Thus, forest owners and managers need adequate science-based decision support tools for 

the management of forests in order to optimize the joint production of multiple goods and 

services at different temporal and spatial scales under a climate change scenarios. A first step 

in forest management strategies is developing a good understanding and quantification on 

topics such as forest stand structure and regeneration, which are of great theoretical and 

practical importance in forestry (Hansen et al., 1991; Blanco et al., 2009).  

Forest regeneration has been recognized as an important factor in sustainability and 

biological diversity of future forests (Bergeron et al., 1998). Natural regeneration offers 

efficient and economical solutions, and for that reason silviculturalists have focused their 

attention on it (Jeansson et al., 1989; González-Martínez y Bravo, 2001).  

Forest stand structure, measured as a variation along vertical or horizontal profile, can be 

used as an indicator of overall species diversity (Kimmins, 1997) but may also be a good 

indicator of forest management effects (Roberts and Gilliam, 1995; Lindgren and Sullivan, 

2001). Stand structure is also directly related to the ecological stability and forest ecosystem 

functioning (Kint et al., 2004), to forest net growth (Liang et al., 2007) and other indirect 

goods and services (landscape, water yield, CO2 sinks, etc.).   

In managed forests, both structural composition and regeneration dynamics are highly 

conditioned by silvicultural practices (Franklin et al. 2002). Moreover, they have a co-

dependent relationship: forest structure affects regeneration and regeneration, in turn, affects 

forest structure (Figure 1.1). Although the impact of other major forest disturbances such as 

fire or livestock have received considerably more research attention in the Mediterranean 

basin (e.g. Gómez et al., 2003; Pausas et al., 2004),  the influence of anthropogenic 

disturbances on Mediterranean ecosystems such as harvesting, site preparation or understory 

management is still not well known (Scarascia-Mugnozza et al. 2000).  

 3
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Figure 1.1. Interaction between stand structure, regeneration, local environment, biological processes and 
silviculture. 
 

However, in order to identify the most appropriate management actions to sustain a 

broad array of goods and services, it is necessary to have a good knowledge of the patterns of 

variation of both natural regeneration and forest structure in space and time.  

Furthermore, Mediterranean-type ecosystems are predicted to be among the most 

vulnerable to climate change due to an intensification of their already limiting conditions for 

plant regeneration (Schröter et al., 2005). Climate change, characterized by an increasing 

aridity (i.e. higher temperatures, lower rainfall, and greater potential evapotranspiration; IPCC 

2007), as well as greater frequency of extreme weather conditions (Peñuelas et al. 2004) is 

likely to influence stand structure-regeneration interactions. In light of these forecasted 

scenarios, we need a better understanding of microclimates in Mediterranean ecosystems 

(Aussenac, 2000) and of the potential influence of harvesting schedules and silvicultural 

interventions on the response of stands to climatic conditions (Rodá et al., 1999). 

1.2 Regeneration dynamics 

Processes operating during the seed, seedling and juvenile phases are crucial for 

understanding patterns, dynamics and succession in plant communities (Grime and Hillier, 

1992; Schupp, 1995). However, while our understanding of the development of overstory 

trees is well developed, many processes of forest regeneration are still poorly understood 

because it may be difficult or even impossible to measure all the factors that affect 

regeneration (Miina et al., 2006). The canopy gaps opened  resulting from forest harvesting 

and the site preparations create further environmental heterogeneity by changing light 

conditions, microclimate and nutrient availability, which alter the spatio-temporal patterns of 

natural regeneration (Grassi et al., 2004). In the Iberian pinewoods, additional human-induced 

 4 



                                                                                                                               CHAPTER 1: INTRODUCTION                             

factors such as grazing, the commercial use of edible pine nuts or the removal of logging 

residues because of the risk of fire introduce further complexity to the study of regeneration 

dynamics. Furthermore, in Mediterranean ecosystems, intra- and inter-annual changes in 

climatic variables, particularly the duration of summer droughts, greatly affect regeneration 

success.  

Therefore, quantitative studies relating detailed patterns of regeneration establishment 

with fine-scale variation in resources are needed in the Mediterranean basin (Urbieta et al., 

2008). Despite the high spatial variability found in Mediterranean forests, there are almost no 

studies relating the spatial structure of regeneration to measured environmental variables (but 

see Maltez-Mouro et al., 2007). Furthermore, when the scale at which the processes are 

happening is unknown, analyzing patterns using different scales can contribute to our 

understanding of the processes leading to the observed patterns (Levin, 1992). However, 

most studies to date aimed at elucidating regeneration processes in Mediterranean forests do 

not examine different spatial scales (but see Gómez-Aparicio 2008), and most of them were 

conducted either at small scales (<= 1 ha, e.g. Montes and Cañellas, 2007; Pardos et al., 2007) 

or over wide regions (González-Martínez et al., 2001); they do not account for the scale-

dependency of ecological processes. 

1.3 Structural diversity 
Current strategic forest planning and decision-making increasingly includes biodiversity 

goals. Therefore, forest managers require appropriate tools to assess biodiversity at a wide 

range of spatial scales (stand, region or landscape). For this, quantitative indicators are 

necessary, which, according to Ferris and Humphrey (1999) should be easy to assess, 

repeatable (often using different observers), cost-effective and ecologically meaningful 

(providing data easy to interpret). Approaches to quantify biodiversity based on species 

richness have proven to be problematic because of the impossibility of measuring all species 

(e.g. Sarkar and Margules, 2002) or the fact that the species richness does not necessarily 

reflect the naturalness of the forest ecosystem or the adequacy of forest management (Stone 

and Porter, 1998). An alternative approach is using stand structural diversity indicators as a 

surrogate of species biodiversity. It is commonly agreed that with increasing structural 

diversity, the diversity of animal and plant species also increases (e.g. Berger and Puetmann, 

2000; MacNally et al., 2001). Moreover, structural characteristics are more easily surveyed on a 
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large scale by forest inventories or otherwise easy to measure and serve as indicators 

monitoring detailed but difficult to access information (Pretzsch et al., 2006).  

Structural diversity gains a comparatively higher importance in central and southern 

Europe because of the low diversity of tree species (Neumann and Starlinger, 2001; Montes et 

al., 2004). If managers want to consider stand structural features they need clear targets, being 

the structural development in unmanaged forests a reference (Kint, 2005). However, little is 

known about the natural long-term development of forests in Western Europe, because they 

have been influenced heavily by humans for centuries, often even for more than 2000 years, 

and there are very few areas with a history of little or no management (e.g. Leibundgut 1959, 

Peterken 1996, Wolf 2002). However, sometimes data from stands where management has 

been stopped (Kint, 2005; Heiri et al., 2009) or mixed stands where management is less 

intensive (Montes and Cañellas, 2007) are available and can be used as a reference. 

A variety of stand structural attributes have been used in the literature to characterize 

forest structure diversity (for an overview see McElhinny et al., 2005) and to compare 

management alternative approaches (e.g. Neumann and Starlinger, 2001). A great number of 

indices of structural diversity have been developed recently (Lahde et al., 1999; Zenner and 

Hibbs, 2000; Staudhammer and LeMay, 2001) with no single index preferred over the others 

(McElhinny et al., 2005). The analysis of spatial covariance structure (Kuuluvainen et al., 1996) 

and marked point processes (Montes et al., 2008) have also been successfully used as 

alternatives to describe forest structure, offering the advantage of providing information on a 

wider range of scales but presenting other drawbacks. Spatial covariance analysis methods 

imply certain assumptions on the variable distribution which does not always hold. Marked 

point processes usually employ large mapped areas which are not available in typical forest 

inventories. Therefore, there is still room for improvement in developing new simple indices 

with a high practical value which can be used to compare different vegetation communities 

(McElhinny et al., 2005) together with a further elaboration of suitable sampling techniques 

for structural index estimation and monitoring at the stand level (Kint, 2005). 

Few studies so far have compared structural diversity along different successional stages 

(e.g. Franklin et al., 2002) or over a wide range of ecological conditions (e.g. Neumann and 

Starlinger, 2001). Moreover, this area of study has still not been adequately explored in 

Mediterranean forests. 
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1.4 Scots pine and Stone pine as study species 

In Mediterranean forests, species of the Pinus genus play a prominent role due to their 

widespread distribution and their ecological and socio-economical importance. Scots pine 

(Pinus sylvestris L.) and Stone pine (Pinus pinea L.) are two of the five species that are 

characteristic of Iberian pine forests. These two pine species represent some of the variability 

in forest typologies that we can find in Iberian Peninsula pinewoods. The two species occupy 

different geographical (Fig. 1.2) and altitudinal ranges (P.pinea-low and medium altitudes; 

P.sylvestris-mountain environments), have different dispersal strategies (P.pinea-gravity 

dispersal; P.sylvestris-wind dispersal) and different yield targets (P.pinea-pine nut; P.sylvestris- 

timber). All these differences offer the possibility to compare and evaluate stand structure 

and regeneration dynamics changes as a result of employing different management strategies. 
 

 
 
Figure 1.2. Scots pine (Pinus sylvestris) and Stone pine (Pinus pinea) distribution in the Iberian Peninsula and 
geographical location of the thesis experimental plots (red dots). 

Pinus pineaPinus sylvestris Pinus pineaPinus sylvestris
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The broad distribution of Scots pine (Fig. 1.3) (approximately 28.000.000 ha in Europe 

and north-west Asia, Mason and Alía 2000), and the importance of its forests as timber 

resources (Kelly and Connolly, 2000) makes it a widely studied species from the point of view 

of its ecology, growth and productivity. Scots pine is a boreo-alpine species with the southern 

limit of its distribution area in the Mediterranean mountain environment (particularly in 

Spain). Hence, in these areas, Scots pine grows under extreme abiotic conditions, completely 

different from those of the main distribution area (Ceballos and Ruiz de la Torre, 1971). 

Most information concerning the ecology of Scots pine regeneration comes from central and 

northern Europe. In these areas, the main constraints for establishment are low temperatures 

(e.g. Ohlson and Zackrisson 1992; James et al., 1994), biotic factors such as invertebrate 

herbivores or pathogens (e.g. Vaartaja 1950; Burdon et al., 1994) or interference with existing 

vegetation (e.g. Nilsson et al. 2000). Contrary to this situation, summer drought is considered 

the main abiotic factor constraining the establishment of Scots pine in Mediterranean 

ecosystems (Montero, 1994).  

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Scots pine distribution in Europe (source: EUFORGEN, http://www.bioversityinternational.org) 
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 Scots pine experimental trials were located in Sierra de Guadarrama, in Central Spain, a 

region that has been subject to timber exploitation for centuries (Rojo and Montero, 1996). 

Within this area we collected the data in two forests: Pinar de Valsain and Pinar de Navafria. 

Although both forests are located on the same north-facing slope of the mountain range and 

share very similar ecological conditions, the silvicultural treatments carried out in each of 

them are different. However, harvest methods in both forests rely on natural regeneration for 

regenerating the forest. 

The forest management plan of Valsain dates from 1889. The initial silvicultural system 

consisted of fixed periodic blocks with a 120-year rotation length. Natural regeneration was 

attained under a uniform shelterwood system within a 20 year harvesting period. In theory, 

the periodic block should be completely regenerated by the end of the period, but in practice 

regeneration often does not establish itself as quickly as was hoped (Matthews, 1989). Thus, 

due to the difficulties faced in obtaining natural regeneration in some areas of Valsain forest, 

more flexible floating period blocks have been applied since 1989. Therefore, nowadays the 

forest is managed under a group regeneration system, where the trees are harvested by means 

of several fellings to open small gaps. Natural regeneration establishes progressively under the 

protection of the older trees during a long regeneration period (40 years). Since 1899, Navafria 

has been managed under a uniform shelterwood regeneration method with a 100-year 

rotation length, and a 20-year regeneration period. During the regeneration period, fellings 

are homogeneously carried out throughout the regeneration block. Currently, soil preparation 

is often required to obtain successful natural regeneration, and planting may sometimes be 

necessary.  

Stone pine is one of the most characteristic trees of the Mediterranean flora (Fig. 1.4), 

although its natural range is difficult to define because it has been planted so widely for so 

long (Mirov, 1967). Stone pine occupies more than 400,000 ha in Spain, both inland and in 

coastal regions. It is adapted to high temperatures and to dry sandy or rocky soils with low 

water retention capacity, where it forms open stands, pure or mixed with maritime pine (Pinus 

pinaster Ait.), some species of Juniperus or Quercus and other understory species.  A few studies 

have described the narrow optimal conditions required for the germination of seeds (Magini, 

1955) or for seedling establishment and survival (Masetti and Mencuccini, 1991). The pine 

nut, which is the edible seed of the Stone pine, is a widely used and highly appreciated food 

source (Calama and Montero, 2007). Spain accounts for more than 60 per cent of the world’s 
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stone pine woodland and pine nut production (Calama et al., 2007). Because of the 

commercial use of pine nuts, cones are the main yield of these forests, with higher income for 

forest owners than timber (Mutke et al., 2005). However, the removal of the cones each 

autumn has negative consequences for regeneration. Cone harvesting, together with other 

limiting factors characteristic of Mediterranean forests such as the continuous presence of 

livestock, often results in the failure of natural regeneration in managed Stone pine stands.  

Stone pine experimental plots were located within the Spanish Northern Plateau, one of 

the most important areas for the species in Spain, where stone pine stands cover a wide area 

of 50,000 ha, mainly in the province of Valladolid. Most of the stone pine stands are managed 

using fixed periodic blocks and a regeneration period of about 20 years. Harvesting methods 

applied in Stone pine stands include uniform shelterwood, group shelterwood or selection 

systems. 

Despite the importance of Scots pine and Stone pine forests, the effects of silvicultural 

practices on both the regeneration processes and the stand structural diversity of these forests 

has not yet been well studied in Mediterranean ecosystems. 

 

 

 

 

 

 

Figure 1.4. Stone pine distribution in the Mediterranean Basin (source: EUFORGEN) 
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1.5 Spatio-temporal analysis of forest regeneration and structure data 

Spatial data are increasingly being collected to study forest dynamics since ecologists and 

foresters have become aware of the importance of this information to understand ecological 

processes and manage resources (Fortin and Melles, 2009). Moreover, advances in computer 

science (that allow more efficient computation), in new remote-sensing techniques (which 

provide a faster measurement of forest attributes), and in the fields of mathematics and 

statistics, are making the importance of spatial analysis constantly increase. Therefore, the 

description and quantification of the spatial and temporal patterns in ecological studies has 

become a very active research area. Spatial analysis includes a great number of techniques for 

examining spatial data (for a methodological review see Dale 1999; and Fortin and Dale, 

2005). The following table summarizes the main spatial statistics methods used throughout 

the thesis, which are further explained in detail along the thesis chapters (parametric statistics 

were not included in this table). 

 

Data Spatial statistics method 

Fully mapped point data (x-y coordinates) 

- Point pattern analysis 

• Ripley’s K  

• Pair correlation function (g ) 

- Spatially explicit structural diversity indices 

- Spatially explicit competition index 

Contiguous sampling units  - Spatial analysis by distance indices (SADIE)

Sparse sampling location x-y coordinates 

- Spatial autocorrelation: Moran’s I 

- Principal coordinate analysis of neighbour 

matrices (PCNM) 

 

 

Given that the relevant time scale needed for a long term study of regeneration or forest 

structure far exceeds the duration of a thesis research program (and even of a whole research 

career), a time component was included in the analysis by considering: (1) the age of plants or 

size classes as a demographic surrogate in regeneration studies; and (2) the different 

succesional stages along the rotation length in even-aged forests when characterizing forest 

structure. 
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A brief overview of what each chapter covers on a spatio- temporal scale is showed in 

Figure 1.5. Chapters 2-4 are focused on studying regeneration patterns while chapters 5-6 

deal with forest structure diversity. Chapter 2 includes only forest structure variables while 

the second and third chapters include environmental variables. As a consequence of this, in 

Chapter 2, only spatial point pattern analysis (SPPA) techniques are used, while a combined 

approach using SPPA and multivariate techniques is employed in Chapters 3 and 4.  Chapters 

2 and 3 focus on small-scale patterns (0.5 ha plots) while Chapter 4 focuses on a stand scale 

level, covering the whole regeneration cutblocks (ca. 40 ha). Chapters 5 and 6 compare even-

aged and uneven-aged silviculture in terms of structural complexity. Chapter 5 analyzes the 

effect of various silvicultural practices for timber and cone production on the structural 

diversity of even-aged stands at a regional scale, while Chapter 6 focuses on a smaller scale, 

evaluating structural diversity in the different developmental stages throughout the whole 

rotation length in even-aged stands.  
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Figure 1.5. Type of data (environmental data and stand structure data) and spatial and time scales covered by 
the five thesis chapters. 
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1.6 Objectives 

The main objective of this thesis is to investigate the influence of current management 

practices and of environmental heterogeneity on the stand structure diversity and natural 

regeneration dynamics of Scots pine and Stone pine stands in order to provide forest 

management recommendations. This main objective can be partitioned into the following 

more specific objectives: 

1. To better understand and determine the most influential factors determining 

natural regeneration patterns and structural diversity of Scots pine and Stone pine 

stands; 

2. To compare the effect of different silvicultural systems on the natural regeneration 

dynamics and on the structural diversity of Scots pine and Stone pine stands; 

3. To determine, by considering various spatial scales, (a) the optimal scales for 

monitoring diversity and (b) the importance of the influential factors at different 

spatial scales in shaping regeneration patterns; 

4. To develop novel approaches to interpret ecological data by: (a) devising a new 

methodology, (b) adapting existing methodology to the biological characteristics 

of the studied species or stands or (c)  combining spatial statistics techniques with 

more conventional parametric statistics; and  

5. To provide guidelines for sustainable forest management to ensure that 

silvicultural practices enhance natural regeneration and structural diversity on 

Scots pine and Stone pine stands. 
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Based on: 
Effect of stand structure on Stone pine (Pinus pinea L.) regeneration dynamics 
(2008). Forestry 81 (5): 617-629.  
Ignacio Barbeito, Marta Pardos, Rafael Calama and Isabel Cañellas. 

O1. Influence of environmental heterogeneity         SPECIFIC 
OBJECTIVES O2. Influence of silvicultural interventions              X 
 O3. Importance of spatial scale       
 O4. Adaptation or development of methodology    X 
 O5. Guidelines for management        X 
DATA   
Study area • Stone pine stands in Viana de Cega, Valladolid (Northern 

Plateau of Spain) 

Field data • INIA network of stone pine permanent sample plots. 

• Spatial data: 

• Overstory tree x-y coordinates. 

• Regeneration x-y coordinates. 

Sample size &  
spatial scale  

• One 0.48 ha even-aged plot. 

• One 0.48 ha uneven multi-aged plot. 

DATA ANALYSIS   
Explained variables • Natural regeneration  

Independent variables • Adult tree position and age, DBH, height, crown diameters. 

Statistical analysis • Spatial point pattern analysis (SPPA). 

• Crown pattern analysis. 

MAIN FINDINGS   
 • For species where trees show a great variability in crown 

sizes (such as Stone pine) using a grid-based approach 
instead of traditional SPPA should be used to avoid 
misleading interpretations. 

 • Implementing uneven-aged management strategies in order 
to generate complex multi-aged structures would increase 
regeneration success within Stone pine stand types. 
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2. Effect of stand structure on Stone pine (Pinus pinea L.) 

regeneration dynamics 

2.1 Abstract 

Natural regeneration of Stone pine (Pinus pinea L.) in the Northern Plateau of Spain is 

fraught with problems and consequently, difficult to attain. In this study, we start by 

describing the spatial structure of one even-aged, and one uneven multi-aged stand as a first 

step towards understanding the processes that produce the spatial patterns and, in turn, 

provide managers with information that could help to enhance regeneration. All trees were 

mapped and located through their XY coordinates and two perpendicular crown diameter 

measurements were recorded for each tree in addition to other structural variables. A grid 

based approach, in which crowns were projected on a grid, was then used to characterize the 

spatial pattern and this was compared to the conventional point pattern analysis. This allowed 

us to take into account variations in crown size and shape. Regeneration was found to be 

clumped in both stands and the spatial association with stems varied among the age classes 

considered. Results from the crown pattern analysis differed from those obtained using the 

traditional point pattern analysis, especially in the older age classes, where crowns were larger 

and had a greater influence on  regeneration. Our results suggest that where large variations 

in crown dimensions exist, the use of this method can help us to avoid misinterpretations of 

the results and provide further insight into the processes that drive natural regeneration. 

 

Keywords: point pattern; grid based approach; crowns; seed dispersal; facilitation. 
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2.2 Introduction 

Natural regeneration of disturbed Mediterranean forest ecosystems is very uncertain and 

fraught with serious problems (Calama and Montero, 2007). Such problems include: (1) the 

typical Mediterranean-type ecosystem climate, with severe summer drought being the main 

cause of death in young seedlings; (2) the masting habits of most Mediterranean species, 

which require synchrony between good crop years and favorable climatic conditions to attain 

regeneration success; (3) the low density of Mediterranean stands, favoring the presence of 

large gaps in the forest where big gravity-disseminated seeds (Quercus acorns, stone pine nut, 

etc.) are poorly dispersed and regeneration seldom appears and (4) the impact of grazing on 

seedlings and  saplings.  

Two more limiting factors exist in the case of the Stone pine (Pinus pinea L.) which further 

reduce the likelihood of successful regeneration: (1) the narrow optimal conditions for seed 

germination and seedling development (Magini, 1955) and (2) the commercial use of the 

edible pine nuts which, together with the removal of much of the available seed source, leads 

land owners to apply silvicultural practices in order to maximize pine nut yields. Under this 

scenario of severe limitations, natural regeneration of stone pine stands is doomed to failure. 

This is a major concern for today’s forest managers, who need to adopt measures to 

ameliorate the regeneration process, this being a key element in determining future forest 

structure. Despite major interest in resolving this problem, few studies (Massetti and 

Mencuccini, 1991; Calama and Montero, 2007) have focused on specific aspects of this topic 

and no references are available as regards regeneration dynamics in stone pine stands. 

Stone pine stands have traditionally been managed as even-aged systems for the 

production of both wood and pine nuts. Low stocking densities are maintained to increase 

cone production and shelterwood fellings are applied with a 120 year rotation length. 

However, a combination of factors including competition for water and soil resources, 

presence of advanced recruitment in gaps, the failure of natural regeneration (for reasons 

previously described), delay in regeneration fellings and the preservation of older large cone 

producing trees, sometimes results in multi-aged complex structures. Today, some of these 

stands are maintained and managed as uneven-aged systems because of their importance in 

soil protection, landscaping, fruit production or as recreational areas, applying selection 

cuttings with a felling cycle of 25 years (Finat et al., 2000; Montero et al., 2003; Calama et al., 

2005). 
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Because we are dealing with managed stands, we can hypothesize that past management 

might influence current stand structure and regeneration. Thus, the type of intervention 

carried out in previous years will affect stand structure and consequently the establishment of 

regeneration. It is important to identify whether the current silvicultural system is the most 

appropriate to achieve natural regeneration in Stone pine forests or if there is a need to shift 

to different practices. In order to do this, two types of stand are compared; one with a regular 

structure and one with an irregular structure. 

Spatial statistical techniques have been widely used to describe forest stands and to 

establish the link with the ecological processes implied in regeneration dynamics (Frölich and 

Quednau, 1995; Camarero et al., 2000). Thus, a first step towards understanding the processes 

behind natural regeneration involves identifying the spatial pattern of adult trees and 

regeneration. One of the most widely used methods in plant ecology for characterizing the 

spatial pattern is Ripley’s K (Ripley, 1977). In addition, intertype functions are employed to 

describe the spatial relationship between plants belonging to two different size or age classes 

(Moeur, 1993; Wang et al., 2003) 

One of the limitations of traditional point pattern analysis is that it considers trees as 

points. This can lead to misinterpretations of the spatial analyses, especially if large variations 

exist in the size and eccentricity of the crowns, as is the case with the stone pine. Thus, if we 

want to identify the extent to which natural regeneration varies according to the size and 

proximity of its neighbor’s crowns (being elements that favor facilitation or dispersal), 

conventional point pattern analysis must be extended to deal with objects of finite size and 

irregular shape using a grid-based approach (Wiegand et al., 2006). This method can provide 

greater insight into the smaller scale relationships in naturally regenerating stands since it 

allows us to consider a third dimension in which offspring establish under the crowns.  

The main aims of our study were (1) to characterize the spatial pattern of recruitment in 

stone pine stands; (2) to evaluate the influence of the upperstory on the spatial pattern of 

seedlings and saplings, by comparing traditional point pattern analysis with a modified 

version of the latter which takes into account the tree crowns, and (3) to discuss even and 

uneven-aged stone pine silvicultural management schedules in relation to regeneration 

dynamics. 
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2.3 Material and Methods 

2.3.1 Experimental trial and data collection 

Data were gathered from two stands, one even-aged and the other, a complex, multi-aged 

stand, both located on the Northern Plateau in Spain. A 0.48 ha (80 m x 60 m) permanent 

plot was set up in each stand, both being part of the natural unit known as ‘Viana de Cega’, a 

flat area located at an altitude of 700 m, with more than 12000 ha of stone pine. This area is 

characterized by sandy soils with low water retention capacity, average annual rainfall of 370 

mm and an extreme continental climate with maximum temperatures of 45 ºC in summer and 

a minimum of -15ºC in winter (Calama et al.,  2007).  

In each of the plots, all the pine trees with a height greater than 20 cm were mapped as 

XY coordinates. A minimum height of 20cm was defined since we were only interested in 

measuring established regeneration i.e. plants at least 3 years old that had already survived 

two summers. To measure the XY coordinates we subdivided each plot (80 m x 60 m) in two 

subplots (40 m x 60 m) and then we measured the positions of the pines using a compass and 

the distance function of a Vertex hypsometer. A distinction was made between upperstory 

trees (diameter at breast height ≥ 5 cm) and trees belonging to the understory (diameter at 

breast height < 5 cm).  In the case of the latter, two further categories were established: 

seedlings (0.2 < height < 1.3 m) and saplings (≥ 1.3 m height). For each of the adult trees we 

measured and recorded structural variables: breast height diameter, total height and two 

perpendicular crown diameters (Table 2.1). Cross-dating cores were also extracted to 

determine age. In the case of the understory, we only measured total height and crown 

diameter for each tree. 

An increment core was taken from all the upperstory individuals at the base of the tree. 

Width of tree rings was measured to the nearest 0.01 mm using a measuring table and then 

checked, corrected and dated using TSAP (Rinn, 1966). Most of the increment cores (>80%) 

reached the pith. The estimated number of missing innermost rings was derived from the 

segment of core preceding the missing part and estimated using a simple proportion, making 

the assumption that the estimated missing rings formed concentric circles (Motta and Nola, 

2001).  
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Figure 2.1. Diameter class distribution of upperstory trees (H>1.3) and crown projection map in the uneven 
multi-aged (a) and even -aged (b) plots (80 m x 60 m plot size). Seedlings are represented by dots (  )   and 
saplings by triangles (   ). 
 

The position of the upperstory trees and the understory in both plots, as well as the 

crown shapes of the adult trees, defined by the two perpendicular diameter measurements 

and represented as ellipses in the even-aged and uneven-aged plots is illustrated in Figure 2.1.  

The year in which the measurements were taken in both plots was 2006. No silvicultural 

treatments have been applied in the plots since 1987. 

2.3.2 Spatial pattern analysis 

2.3.2.1 Point pattern analysis 

To describe the spatial pattern of stone pine recruitment we used the pair-correlation 

function (Stoyan and Stoyan, 1994) to analyze the fine-scale patterns, in combination 

with Ripley’s K-function (Ripley, 1981) to confirm the null model (results not shown).  The 

K-function expresses the expected number of points at a distance d, calculated up to half of 

the shortest side of the analysis area (30 m). Both of the studied plots are homogeneous and 

therefore all the sampled area can be colonized by Pinus pinea, as required by the K(d) 

function, which was calculated from the equation: 
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,
)(

)( ∑∑=
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λ  ,ji ≠          [1] 

where λ  is the density of recruitment (seedlings or saplings) per unit area, n is the 

number of plants per plot and ijω (d) is a weighting function that accounts for edge effects 

and represents the inverse of the fraction of a circumference centred on i (with the radius 

being the distance from i to j) which falls within the plot (Ripley, 1977; Goreaud and Pélissier, 

1999). To remove the scale dependence of K(d) and stabilize the variance, the square root 

transformation L(d) proposed by Besag in the discussion of Ripley’s paper (Ripley, 1977) is 

used instead: 

π/)()( dKdL =            [2] 

where L(d) –d =0 when the point process is completely random (CSR), greater than 0 for 

a clustered pattern and less than 0 for an overdispersed point process.  

In the Pair-correlation function, which is similar to Ripley’s K-function although not 

cumulative, circles of radius d are replaced by rings of radius r. This function is best used to 

assess the critical scales of clustering of regeneration and is considered more powerful for 

detecting spatial patterns across scales than the K-function (Wiegand and Moloney, 2004). 

Ripley’s K-function is an accumulative measure that confounds effects at larger distances with 

effects at shorter distances, peaking at the maximum length of aggregation and indicating 

continued clustering beyond this at scales where the process is regular (Perry et al., 2006). The 

pair correlation function is related to the derivative of the K-function (Ripley, 1977; Stoyan 

and Stoyan, 1994) which is: 

π2()(')( rKrg = r)            [3] 

In a perfectly random point process =1, while values of greater than one or less 

than one indicate a clumped or overdispersed distribution respectively. Significant departure 

from complete spatial randomness (CSR) was tested through a Montecarlo two-sided test (99 

simulations, 10% significance level). 

)(rg )(rg

The spatial relationship between seedlings and saplings and adult trees was analyzed using 

the intertype Lrs (d) function (Lotwick and Silverman, 1982) which characterises the structure 

of two sub-populations within the same plot:  
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where nr and ns are the number of trees in class r and class s, respectively, where these classes 

are selected and combined within the three categories defined (seedlings, saplings and 

upperstory trees) to analyze the relationships between them; λr and λs are the densities 

throughout the plot of individuals in class r and class s, respectively; and ωij (d) is computed in 

the same way as described for the univariate L(d) function. Values greater than zero indicate 

aggregation between types and values below zero indicate segregation. 

2.3.2.2 Crown pattern analysis 

In order to assess the potential influence of crowns on the regeneration process, a grid 

based approach was used to modify traditional point pattern analysis, thus allowing surfaces 

rather than points to be considered, as proposed by Wiegand et al. (2006). Crowns were 

drawn as ellipses and represented as adjacent cells on a categorical raster map. A cell size of 

0.1 m was chosen since this was considered small enough to avoid overlap of recruitment 

positions and therefore optimal to address the biological question in hand.  Cells were treated 

as points located at the centre of each cell, and distances were measured to these points. The 

same bivariate function as for conventional point pattern analysis was then used. 

2.3.2.3 Null models 

An appropriate null model must be chosen to test the significance of the clustering or the 

inhibition of the point process studied (Wiegand and Moloney, 2004; Goreaud and Pélissier, 

2003). CSR was used for the univariate case, as is usual this type of analysis (Cressie, 1991). A 

Montecarlo two-sided test (99 simulations, 10% significance level) was implemented to assess 

the significance of departures from the null model tested. For the bivariate analysis it is 

important to choose the null hypothesis according to the type of interaction shown by both 

processes in order to avoid misleading interpretations. Complete randomness of both 

processes is not always the most suitable null model and the use of the Monte Carlo 

approach makes it possible to use a dispersion pattern other than CSR (Fortin and Dale, 

2005). In our choice of null model for the bivariate analyses we adopted the suggestions 

provided by Wiegand and Moloney (2004) for spatio-temporal processes such as the 

relationship between older trees and seedlings. 
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The Toroidal shift null model (TR) was used to test the independence of the two patterns; 

where the position of the upperstory trees (conventional analysis) or of the crowns of these 

trees (in the grid-based approach) is kept unchanged (pattern 1), while the location of the 

offspring (pattern 2) is randomly shifted as a whole across the study area using a torus. If we 

consider fellings and regeneration as two independent processes over time, the null model 

will be conditioned by the structure of both patterns. Therefore, the toroidal shift null model 

is the most appropriate, both for testing independence and for providing an insight into the 

relationship between understory clusters and the upperstory trees. 

 Recruitment was classified into two categories: seedlings and saplings; and was analysed 

with respect to the cohort of upperstory trees. The latter was also divided into two age classes 

in the case of the even-aged stands, and five age classes in the uneven multi-aged stands (see 

Table 2.1 for breakdown of the classes). In the even-aged plot, the division reflects a natural 

break in the data because the age distribution suggested the existence of two different 

cohorts; an upperstory dominated by trees with ages over 100 years and an understory 

composed of trees arising from regeneration in favourable locations. In the uneven-aged plot 

there was a wide range of ages so the number of age classes was set such that a balance was 

kept between sufficiently representing each class and maintaining a high enough quantity of 

trees to interpret correctly the differences between ages. The software used for the univariate 

and bivariate L(d) calculus as well as for the simulations was developed using Microsoft 

VisualBasic 6.3 (Copyright ©1987-2001 Microsoft Corp). 

 
Table 2.1.  Stand level variables in the even-aged and uneven multi-aged plots (80 m x 60 m).  

  Age Cone
Class Production

<80 30 3,9 ± 1,8 3,2 0.556
>80 117 6,7 ± 1,7 33,7 1.530

<20 15 2,4 ± 0,5 0,2 0.120
20-40 90 3,8 ± 1,3 5,6 0.417
40-60 23 6,2 ± 1,3 4,3 0.756
60-90 28 9,0 ± 1,6 9,5 1.335
>90 21 9,8 ± 2,0 10,7 1.927

386 40

BA

Even-aged

Uneven-multiaged

N CD Plot Seedlings Saplings

662 164
 

 

 

 

 

(1)For trees (DBH ≥ 5cm): Age class (years); N, number per ha; CD, crown diameter (m); BA, basal area 
(m2ha-1); Cone production (kg per tree per year); (2) seedlings (per ha); (3) saplings (per ha). CD data are mean 
± standard deviation. 
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2.4 Results 

2.4.1Univariate analysis 

The pair-correlation function analyses applied to all adult trees indicated a relatively 

similar structure for both the even-aged and the uneven multi-aged plots (Figures 2.2a, 2.2b).  

There was some degree of regularity at short distances (up to 5 m), which was more evident 

with the L-function (results not shown), and no departure from CSR at longer distances.  

Seedlings showed an aggregated pattern at scales 20≤  m with major small scale 

clumpiness at scales ≅  2 m in both the even-aged and the uneven multi-aged Pinus pinea 

stands (Figures 2.2e, 2.2f). This small scale clumpiness was also present at the same distance 

for saplings in both plots. However, the cluster pattern in saplings was only evident for 

distances up to 10 m although the intensity of the pattern increased in this height class 

(Figure 2.2d, Figure 2.2f). In the saplings analyses, a second and weaker peak can be observed 

at longer distances (around 15 m in the even-aged plot and 5 m in the uneven-aged plot). 
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Figure 2.2. Pair-correlation function g(r) (thick solid black line) with the 95% quantile bounds corresponding 
to CSR null model (dashed lines) for the stems (DBH>5cm), the saplings (DBH<5cm, H>1.3 m) and the 
seedlings (DBH<5cm, H<1.3 m).   
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Figure 2.2. Continued. 
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2.4.2 Bivariate analysis 

We used the toroidal shift null model to test the relationship between the different stem 

classes and to characterize the relationship between the two classes of recruitment considered 

(seedlings and saplings). In the even-aged plot the bivariate Lrs-function showed that trees 

from the younger strata do not tend to grow in close proximity to the older strata but rather, 

emerge around them at distances greater than 17 m (results not shown). In the uneven multi-

aged plot, the analysis of the intertype structure between the younger classes, from<20 years 

to 40-60 years showed that their spatial patterns were independent. When we analyzed the 

relationship between recruitment and the age classes 40-60 years up to the >90 year class, we 

found a slight repulsion between classes over medium distances (10-20 m, results not shown). 

Saplings and seedlings were strongly attracted in both the even-aged and the uneven-aged 

plot (Figures 2.3a, 2.3b) from short to long distances. 
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Figure 2.3. Intertype Lrs (thick solid black line) with the 95% quantile bounds corresponding to the toroidal 
shift null model (dashed lines) for the relationship between saplings (DBH<5cm; H>1.3m) and seedlings 
(DBH<5cm; H<1.3m) in the even-aged plot (a) and in the uneven multi-aged plot (b).  

The bivariate analysis for stone pine stands using the grid-based approximation, in which 

we consider the crowns of the trees instead of just points, revealed a number of differences 

between the two approaches. These differences were slighter for the younger classes of trees, 
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with small crowns, where the point approximation reflects the patterns reasonably well, as 

can be seen in the <20 and 20-40 age class plots in the uneven multi-aged plot and in the 

younger strata in the even-aged plot (Figures 2.4, 2.5). In the uneven-aged plot, both 

approaches revealed a negative relationship between seedlings and the <20 and 20-40 age 

classes when tested against the TR null model (Figures 2.4a, 2.4c). Saplings in the class <20 

showed a slight negative relationship for the point approach in the first 3 m and a structure 

of independence over the rest of the distances studied when tested against TR, while the 

crown approximation indicated a structure of independence for all the range (Figure 2.4b). 

However, when the older classes were analysed, the influence of the crowns on the pattern 

was more evident. When we compared the two approaches with regard to the recruitment 

associated with the 41-60 age class, we observed in both cases a structure of independence 

(Figures 2.4e, 2.4f). Differences between the two methods of analysis became more obvious 

when we analyzed the 60-90 and >90 year age classes.  
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Figure 2.4. Crown pattern analysis for the uneven multi-aged stand. Intertype Lrs (thick solid black line) 
between stems and seedlings and between stems and saplings with the 95 per cent quantile bounds 
corresponding to the toroidal shift null model (dashed lines) for the different age classes considered.  The 
insets show the same analysis under the point approximation.  
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The point pattern analysis revealed independence between types in the 61-90 age class for 

the null model studied. Moreover, a slight repulsion was detected between saplings and this 

age-class in the first 3 m. However, the crown analysis revealed a different trend with a clear 

pattern of attraction for distances up to 10 m (Figures 2.4g, 2.4h). This pattern of attraction 

for medium to large distances (20-30 m) in the >90 age class was hardly noticeable using the 

point pattern analysis but became more evident when the crown pattern analysis was used 

(Figures 2.4i, 2.4j). 
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Figure 2.4. Continued 
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The bivariate analysis of the even-aged plot followed a similar trend, with the crown 

pattern analysis depicting stronger associations especially at small scales. The relationship 

between the younger strata and seedlings was not significantly different from independence 

according to both approaches. In the case of the point pattern analysis, saplings were 

negatively associated with the understory only at large distances (>20 m) whereas this 

negative association existed up to the first 15 m and over 25 m in the case of the crown 

analysis (Figures 2.5a, 2.5b). When we analyzed the association between seedlings and the 

older strata, we observed that the point pattern was not significantly different from 

independence or that there was a very slight attraction. However, the relationship between 

the crowns and seedlings showed a significant positive association (Figure 2.5c): attraction 

between seedlings and stems of the upperstory was observed at distances up to 22 m. 
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Figure 2.5. Crown pattern analysis for the even-aged stand. Intertype Lrs (thick solid black line) between stems 
and seedlings and between stems and saplings with the 95 per cent quantile bounds corresponding to the 
toroidal shift null model (dashed lines) for the young and the mature strata. The insets show the same analysis 
under the point approximation.  
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The point analyses between saplings and the older strata depicted a small repulsion effect 

at distances around 1 m. The latter was not evident in the crown analysis, which showed 

independence for the first 4 m. In this case, both types of analyses showed aggregation 

around the upperstory trees  between 4-6 m when we tested the independence against the TR 

null model (Figure 2.5d), although the scale of attraction was shorter for the crown analysis . 

2.5 Discussion 

Underlying ecological processes have often been inferred from the analysis of spatial 

patterns (Druckenbrod et al., 2005). In our study site, the regeneration pattern was clearly 

aggregated. Clustering of recruitment has been reported for other Mediterranean pine species 

like Pinus uncinata and Pinus sylvestris (Camarero et al., 2005; Montes and Cañellas, 2007). 

However, for both species these clusters where found to occur in relatively open areas, not in 

close proximity to the old crop stems. Aggregation within or near to the area of crown 

influence may be explained by the limited seed dispersal capacity of stone pine, as observed 

in other species with heavy seeds (Ngo Bieng et al., 2006). The large size of stone pine seeds 

prevents their dispersal by wind and the majority of the seeds are dropped beneath the 

upperstory trees. Although no previous regeneration studies have been carried out in the 

study area, Masseti and Mencuccini (1991) concluded in their study in a stone pine wood in 

Toscana (Italy), that only 3% of the seed disseminated fell outside the area of crown 

influence. The low density of the stands along with the type of management (aimed at 

producing large seed crops) favour the formation of very wide crowns in stone pine stands, 

contrary to the typical conical shaped crown of other pine species. Canopy cover improves 

the soil water balance in climates where summer drought is very pronounced (Joffre and 

Rambal, 1993; Lookingbill and Zavala, 2000) by lowering radiation levels and creating 

microclimatic conditions that are more favourable for germination and establishment of 

natural regeneration, as is the case in our stands. Furthermore, positive effects of the trees on 

nutrient content and soil water storage have been reported in other moisture limited forests 

in Mediterranean systems (Moreno et al., 2007). 

Therefore, crown size and position could be the main factor influencing the establishment 

of regeneration in Mediterranean stone pine forests. Conventional point pattern analysis does 

not consider this influence because it maps trees as points and therefore the differences in 

size and eccentricity of the crowns are not contemplated. In order to take the crowns into 

account we decided to follow the grid-based approach proposed by Wiegand et al. (2006) to 
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study the structure of a shrub community for which a mapped projection of the areas 

occupied by different species was available. The use of mark point processes complementing 

tree position with crown areas (as the mark) has been proposed to quantify competition 

(Getzin et al., 2008). Using a bivariate mark point process to study the influence of the 

upperstory crown coverage on regeneration could be an alternative method to that proposed 

in this study. However, our approach has the advantage of being easy to interpret and to 

compare with the traditional bivariate point pattern approach using the Lrs-function. 

In general, the point pattern approach depicted weaker effects than those revealed when 

we considered the crowns. This agrees with the observations made by Wiegand et al. (2006) in 

their study of the relationship between shrub species using a grid approach and in which it 

was also found that size significantly influenced the results of the point pattern. The 

differences between the crown pattern analysis and the point pattern approach were greater 

in the older age classes where crown size was bigger. In the uneven multi-aged stand a 

relationship of independence or even repulsion was identified in the first three age classes 

considered (<20, 21-40 and 41-60). This occurs both at medium (10-20 m) and large scales 

(20-30 m) because the new regeneration has to compete with existing small trees from 

previous regeneration episodes which have already occupied the available gaps. Furthermore, 

trees in these age classes do not produce a great amount of pine nuts which also helps to 

explain the lack of regeneration close by. This trend changes in the 61-90 year age class where 

there is a strong positive relationship between the crowns and recruitment. Trees in this class 

are great cone producers and regeneration germinates and establishes close to them. 

Association also occurs between recruitment and the >90 age class although at larger scales 

(20-30 m). The independence effect for distances <20 m in this age class may be caused by 

the presence of older, previously established regeneration in some of the gaps which 

competes with the new regeneration when this tries to occupy the same space.  

In the even-aged stand, a relationship of independence was found between the young 

strata (<80 years) and the seedlings whereas repulsion was identified between this cohort and 

saplings. Although the stand is managed as an even-aged system and regeneration fellings 

have not yet started, gaps appear due to natural disturbances and trees become established in 

these spaces. Thus, the young tree stratum is dense and aggregated and competes with the 

saplings for resources, excluding them in its proximity. In addition, these trees do not 

produce great amounts of pine nuts leading to a relationship of independence between 
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seedlings and this stratum. Once again, this trend changes when we analyze the mature tree 

strata (>80 years), where we observe strong aggregation between crowns and recruitment. In 

the case of seedlings, this positive association is observed at almost all the range of distances 

considered for the null model studied. The very slight aggregation detected between saplings 

and stems in the crown analysis can be explained by the fact that the clustering of saplings 

shows a lower intensity (and is aggregated at two different distances) in the even-aged plot in 

comparison to the uneven-aged plot.  

An obvious disadvantage of the crown pattern analysis is that in order to map crown 

shapes, diameters must be measured and this demands a greater investment of time and 

effort than that required in the point pattern approach. However, in the case of low density 

stands such as those in our study, this problem can be minimized by using techniques such as 

the two-dimensional wavelet analysis which provide a very rapid, objective and accurate way 

to obtain crown diameters (Strand et al., 2007). Using remotely sensed images to obtain 

photo-derived crown extent has also been suggested as a potential solution for field 

measurement of crowns (Getzin et al., 2008). 

Uneven-aged management follows a 25 year schedule where: (1) great pine nut producers 

are maintained; (2) trees that compete with these great producers are eliminated; (3) old trees 

in state of decline which are unlikely to survive until the next 25 year rotation are also 

eliminated and (4) gaps are opened where regeneration has previously become established 

(Finat et al., 2000). This type of silviculture in which gaps in the stand are opened gradually, 

has proved to be more successful than even-aged management where the stand is opened 

more abruptly through regeneration fellings. The results of this study suggest that even-aged 

management practices may be behind the failure to encourage natural regeneration in these 

stands. Based on our findings, a shift towards uneven, multi-aged management or at least 

towards a more flexible management system is recommended.  

The results presented in this paper indicate that for some species, such as the stone pine, 

where trees show great variability in crown size, crown pattern analysis should be used 

instead of the traditional point approach to avoid misleading interpretations. A detailed 

description of the spatial patterns and of the importance of crowns in the availability of 

regeneration niches will allow managers to adjust management practices in order to enhance 

natural regeneration in these stands. 
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Based on: 
Response of pine natural regeneration to small-scale spatial variation in a managed 
Mediterranean mountain forest (2009). Applied Vegetation Science 12: 488-503.  
Ignacio Barbeito, Marie-Josée Fortin, Fernando Montes and Isabel Cañellas. 

O1. Influence of environmental heterogeneity        X SPECIFIC 
OBJECTIVES O2. Influence of silvicultural interventions              X 
 O3. Importance of spatial scale      X 
 O4. Adaptation or development of methodology     
 O5. Guidelines for management        X 
DATA   
Study area • Scots pine (Pinus sylvestris L.) stands in Valsaín forest, in the 

Central Mountain Range of Spain. 

Field data • INIA network of Scots pine permanent sample plots. 

• Spatial data: 
• Overstory tree x-y coordinates. 
• Regeneration positioned on a 2 2 m grid. ×
• Environmental variables on a 10 ×10 m grid. 

Sample size & 
spatial scale  

• Two 0.5 ha plots in an even-aged stand. 

• Two 0.5 ha plots in uneven-aged stands. 

• 36 regeneration subplots of 6 ×6 m on each 0.5 ha plot. 

DATA ANALYSIS   
Explained variables • Natural regeneration processes and patterns. 
Independent variables • Forest structure variables: 

• Pine basal area. 
• Distance to the closest adult pine tree. 
• Oak and shrub cover. 

• Environmental variables: 
• Light availability. 
• Soil moisture and bulk density. 
• Microslope. 
• Humus depth. 

• Spatial metrics representing all scales. 
Statistical analysis • Spatial point pattern analysis (SPPA) 

• Redundancy analysis. 
• Principal coordinate analysis of neighbour matrices. 

MAIN FINDINGS   
 • The combined use of SPPA with complex null models and 

multivariate techniques was very useful to interpreting 
regeneration patterns. 

 • Several management strategies can be proposed: 
• Above 1600 m- avoid shrub clearing above  
• Between 1300 and 1600 m- open small canopy gaps 

(radius 80-180 m2). 
• Below 1300 m- keep individual oak stems, but thin 

sprout-origin trees to few stems at mixed stands. 
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3. Response of pine natural regeneration to small-scale spatial 

variation in a managed Mediterranean mountain forest 

3.1 Abstract 

We examined the influence of management practices and previous tree and shrub stand 

structure on the occurrence and development of Pinus sylvestris in Mediterranean mountain 

forests. We asked how were the fine-scale environmental patterns of resources affected by 

management, and investigated the impact that this had on the distribution of the 

regeneration. We conducted an experiment in the Mediterranean mountain forests of Central 

Spain. 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. 

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. The spatial 

distribution of tree and shrub upperstory strongly influences regeneration patterns of 

P.sylvestris. Current management practices, promoting small gaps, partial 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. 
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3.2 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 and Clark, 2003; Jurena and Archer, 2003). 

Mediterranean forests are subject to a high climatic variability and environmental 

heterogeneity. This spatial variability, compounded by our poor understanding of micro-

climates in Mediterranean ecosystems (Aussenac, 2000), highlights the necessity for 

quantitative studies relating detailed patterns of recruitment establishment with fine-scale 

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 and 

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 (Frölich and 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 and 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 
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a multivariate perspective (Hooper et al., 2002; Quero et al., 2007; Maltez-Mouro 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 structured 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 simultaneously explore the relative contribution of, on the one hand, the 

intensity of management regimes and, on the other, the environmental factors, Pinus sylvestris 

L. was chosen for the purposes of the study, being one of the main 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 seedling and sapling mortality 

during the early stages of establishment (Rojo and 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 which has been carried out in Central 

Spain for centuries (Cañellas et al., 2000), resulting in heterogeneous canopy patterns and light 

regimes. As a result, the forest under-story is affected due to 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 

(Montes and Cañellas, 2007; Ngo Bieng et al., 2006) and boreal forests (Paluch and 

Bartkowicz, 2004; Zagidullina and Yikhodeyeva, 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 
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below 20 m (Montes and Cañellas, 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 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 

analysis, (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. 

3.3 Materials and Methods 

3.3.1 Study area 

Data were collected in Pinar de Valsaín, a P.sylvestris  woodland on the North facing slopes 

of the Sierra de Guadarrama, in the Central Mountain Range in Spain (40º 49’ N, 4º 1’ W). The 

climate is sub-Mediterranean, with rainfall averaging 1100 mm year-1, average summer 

precipitation is 145 mm and precipitation maxima occur during spring and autumn. Mean 

annual temperature is 9.85 ºC. 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 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. Valsaín 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 40-year 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 0.1-0.5 ha in these forests.  
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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 like mixed pine-oak stands (0.5 to 1.5 m3ha-1year-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-Martínez) close to the timberline, at 1700 m a.s.l. 

3.3.2 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 (> 7.5 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 (dbh<7.5 cm) was recorded on a 2 m x 2 m grid placed over the 

0.5 ha plots where trees were assigned a grid cell without exact coordinates (Fig. 3.1a). The 

recorded regeneration density was divided into two classes according to height:  seedlings 

(0.1m< height < 1.3 m) and saplings (height >1.3 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 at least two summer periods). Upperstory trees were divided into large trees 

(dbh>30 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 
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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 and Dale, 

2005).  

3.3.3 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 possibly spatially uncorrelated for the environment and forest data (Fig. 3.1b). 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 10 x 10 m grid covering each plot.   

Figure 3.1. Schematic illustration of the spatial scales at which regeneration was analysed in the 0.5 ha plots: (a) 
size of the grid (2 x 2 m2) smaller than the patch size to detect regeneration pattern; (b) spatial lag larger than 
the average patch size (10 m, n=36 subplots) to infer the relationship between regeneration and environmental 
variables. 

Using this sampling technique, the following variables were measured at 36 points per 

plot (Table 3.1): (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, 

Utah), inserting stainless steel rods 20 cm into the soil. Measurements were taken at the same 

points once a month during summer (July, August, and September) and data were pooled to 

obtain a single 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 fish-eye adaptor (FCE8).  Hemiview ver. 2.1. 

Canopy Analysis Software (1999, delta-T Devices Lt, Cambrige, UK) was used to analyse the 
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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 firstly removed any surface litter.  We also measured the depth of the litter 

layer. Around each of the 36 points we established a 6 m x 6 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 (dbh >7.5 cm). In addition, shrub species cover in plot U and Q. 

pyrenaica cover in plot L were also visually estimated in each 2 x 2 m2 quadrant and averaged 

as a mean value for the 36 m2 area (Table 3.2). 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. 

Table 3.1. Upperstory, understory and environmental variables (surveyed at n=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. 

M1 M2 L U
Upperstory

334 458 578 320
39.6 ± 8.2 19.5 ± 12.2 ± 18.7 ± 13.0 19.9 ± 9.9

    Height (m) 24.0 ± 3.0 13.5 ± 5.6 10.1 ± 3.2 12.7 ± 5.2
    Basal area (m2 ha-1) 41.4 34.4 22.7 25.2

Understory

666 7308 3476 478
518 7120 166 250

  Subplots (n=36)
    Global site factor (%) 21.8 ± 7.2 22.9 ± 9.6 19.4 ± 2.8 14.7 ± 6.1
    Soil moisture (%) 12.9 ± 5.7 14.1 ± 6.7 11.2 ± 4.2 11.6 ± 5.7
    Microslope (º) 24.7 ± 13.7 11.9 ± 5.0 36.9 ± 5.3 57.2 ± 12.8
    Bulk density (g cm-3) 0.9 ± 0.3 0.6 ± 0.2 1.1 ± 0.1 0.7 ± 0.2
    Humus depth (cm) 9.8 ± 5.1 9.4 ± 5.0 9.8 ± 5.0 8.4 ± 4.6
    Distance to the closest P.sylvestris (m) 3.1 ± 1.7 3.2 ± 2.1 6.9 ± 5.6 2.3 ± 1.6
    Basal area (m2 ha-1) 0.9 ± 0.3 0.6 ± 0.1 0.4 ± 0.3 0.3 ± 0.2
    Q.pyrenaica  cover (%) 0 0 63.7 ± 33.4 0
    Shrub cover (%) 0 0 0 66.4 ± 23.8

    Seedlings (individuals ha-1)
    Saplings (individuals ha-1)

    Dbh (cm)

Variables Even-aged plots Uneven-aged plots

    Density (trees ha-1)
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3.3.4 Spatial pattern analysis 

3.3.4.1 Univariate and bivariate pair-correlation functions 

We used the pair-correlation function g(r) (Stoyan and 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 since 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 and 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 even-aged plots (M1, M2). The first order intensity of the pattern λ(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 (Pélissier and Goreaud, 2001). Inhomogeneous g-

functions can be calculated analogously to homogeneous g-functions, weighting each data 

point by 1/λ(x), where λ(x) is a moving window estimator of the non-constant first order 

intensity (in our case with radius = 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). 

3.3.4.2 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 

 52



_______ CHAPTER 3: RESPONSE OF PINE REGENERATION TO SMALL-SCALE SPATIAL VARIATION 

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 and Pélissier, 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 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 and Pélissier, 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 and 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 n1 + n2 

locations of pattern 1 and 2 respectively, but randomly assigning “case” labels to n1 of these 

locations (Bailey and 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)=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 
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conditional on the structure of the joint pattern (Dixon, 2002). Thus, if g21(r)-g22(r)<0, 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. 

3.3.4.3 Accounting for spatial heterogeneity 

Departure of the upperstory tree pattern from a homogenous Poisson process at scales r 

> 10 m, beyond direct tree-tree interaction (Stoyan and Pentinnen, 2000) as found in our case 

for the uneven-aged plots (results not shown), is usually interpreted as environmental 

heterogeneity. In these cases, the 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 to the 

upperstory and therefore to the same underlying spatial environmental heterogeneity, and 

whether these regeneration stages showed any additional clustering not related to 

environmetal heterogeneity. All point pattern analyses were performed using the grid-based 

software PROGRAMITA (Wiegand and Moloney, 2004). A two-sided Montecarlo test (999 

simulations, 10% significance level) was implemented to test the significance of departure 

from the TR and RL null models. 

3.3.5 RDA and variation partitioning 

To evaluate the joint effect of the environmental variables and to identify the ones that 

are responsible for the multivariate patterns of seedlings and saplings observed in the even-

aged and uneven-aged stands, we conducted redundancy analysis (RDA) as the ecological 

gradient in which we are working is short (ter Braak and Smilauer, 1998). RDA is a 

constrained linear method of canonical ordination (ter Braak and Smilauer, 1998) that allows 

species–environment relationships to be explored (Legendre and Legendre, 1998). To 

introduce spatial predictors as explanatory variables we used principal coordinate analysis of 

neighbour matrices (PCNM, Borcard and Legendre, 2002) to extract eigenvectors that can 
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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 (see 

Appendix 2 for more details on PCNM analysis). 

RDA was performed separately for the four even-aged and uneven-aged plots. The 

response data 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 and 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, 2008) for R (R 

Development Core Team 2008). For the PCNM we used the SPACEMAKER2 program 

(Borcard and Legendre, 2004a). 

3.4 Results 

3.4.1 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. 3.2, where regeneration clustering is expressed by SADIE’s 

index of clustering (for a complete description, see Appendix 1). Sapling density was lower 

than seedling density in all plots (Table 3.1). 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 has been reduced to open new 

regeneration gaps (62 upperstory trees with dbh>30 cm) and small trees (396 upperstory trees 

with 30≤dbh>7.5 cm) arising from a past regeneration episode have established in previous 

gaps. Thus, a decline in basal area and mean height in plot M2 (34.4 m2ha-1 and 13.5 m) in 

comparison to plot M1 (41.4 m2ha-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). 
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Figure 3.2. Contour maps of seedling (a) and sapling (b) clustering in the even-aged plots M1 (1) and M2 (2), 
and in the uneven-aged plots U (3) and L (4). Increasing grey intensity corresponds to higher intensity of 
seedling and sapling clustering based on SADIE’s index of clustering (vij) with dimensionless scale values. 
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In both of the uneven-aged plots clustering declined with increasing size-class (Fig. 3.3c, 

3.3d) whereas in the even-aged plots, saplings were more strongly clustered than seedlings 

(Fig. 3.3a, 3.3b). 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=1, no clustering) in plot M1 (Fig.3.3a). In plot M2, small trees (dbh≤30 cm) showed 

a very similar clustering trend to saplings and seedlings. Large trees (dbh>30 cm) showed a 

slight repulsion at short scales (<5 m) whereas at larger scales, they displayed a similar 

clustering trend to that of the other life-stages (Fig. 3.3b). 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=1 once 

heterogeneity is removed through the inhomogeneous g-function (Fig. 3.3c, 3.3d). 
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Figure 3.3. 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 (a) and M2 (b), and in the uneven-aged plots: L (c) and 
U (d). Two different tree-size classes where examined in the even-aged plot M2: small trees (dbh≤30 cm) and 
large trees (dbh>30 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 (dbh>7.5 
cm) within the plot. Note that the graph y-axis scale is different. 
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3.4.2 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 upperstory cohort in M1, as well as 

between regeneration and small trees (dbh≤30 cm) and large trees (dbh>30 cm) in plot M2 

(Fig. 3.4). In plot M1 the bivariate g-function under the TR null model depicted a positive 

association between seedlings and saplings at scales below 5m. 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 (dbh>30) at the same distance.  
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Figure 3.4. Intertype function g12 (a, b, c, d, e, f, 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  (h < 1.3 m), 
old saplings (dbh < 7.5 cm, h > 1.3 m) and upperstory trees (dbh>7.5 cm). Note that in plot M2 the 
upperstory trees are divided into two size classes: small trees (dbh ≤ 30 cm) and large trees (dbh > 30 cm) and 
that the graph y-axis scale is different. 
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Figure 3.4. Continued. 

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 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 (<5 m) and 

long scales (>20 m) in plot L (Fig. 3.4), 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 less than 5 m for saplings, indicating 

additional clustering independent of the upperstory pattern. 

3.4.3 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 variables measured in the even-aged and uneven-aged stands (Fig. 3.5). An 

unrestricted Monte Carlo permutation test showed that the selected environmental variables 

significantly explained the total variance (p<0.05). The best explanatory variables changed 

between the different stands (Table 3.2). 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. 3.5).  
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Figure 3.5. Partial RDA triplot of the even-aged plots (M1 and M2) and the uneven-aged plots (L and U) 
where the projection of P.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 = Global Site Factor; MS = 
microslope; SM= soil moisture; SHCOV = shrub cover; TRCOV = Quercus pyrenaica tree cover; BA = 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).  

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 and soil moisture. The latter was again an important explanatory 

variable in plots L and U (Table 3.2). Contrastingly, 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; saplings showing a stronger correlation than seedlings with the 

latter. 
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Table 3.2.  Correlations between the significant environmental variables (P<0.05) 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). 
Shrub cover in plot U consists of Juniperus communis and Cytisus oromediterraneus and tree cover in plot L of 
Quercus pyrenaica. 

 Plot Variables  
Single Cumulative Axis 1 Axis 2

M1 GSF 12.6 12.6 -0.84 -0.3

Microslope 1.8 14.4 0.31 -0.43

Soil moisture 0.8 15.2 0.23 -0.27

Basal Area 0.1 15.3 0.05 0.73

M2 GSF 11.8 11.8 0.78 0.12

L Microslope 6.8 6.8 -0.52 0.62

Soil moisture 6.2 13.0 0.57 -0.11

Tree cover 5.7 18.7 -0.41 -0.66

U Soil moisture 4.8 4.8 0.78 -0.58

Shrub cover 3.6 8.4 0.54 0.78

Explained variance (%) Correlation coefficients

 

 

 

 

 

 

 

 

The results of variance partitioning are summarized in Figure 3.6. 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, varying from 8.5% to 18.7%. Most of the explained 

variance was spatially structured. This percentage was markedly higher in the even-aged plots 

(54.5-55%) than in the uneven-aged plots (30-34.1%). 

 

% variance % explained % variance % explained % variance % explained % variance % explained
variance variance variance variance

Unexplained 30.1 33.2 51.3 57.4
Environment 15.4 11.8 18.7 8.5
Environment + Space 36.7 18.7 19.1 31.6
Space 17.8 36.3 10.9 2.5

M1

69.9 48.7 42.6

Even-aged plots Uneven-aged plots
L UM2

66.8

Figure 3.6. Variation partitioning in the even-aged and the uneven-aged plots. 
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3.5 Discussion 

3.5.1 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 mother tree cover was more homogeneous 

throughout the plot, regeneration gathers in sites with high soil moisture and microslope. In 

M1, the independence between seedling and sapling distribution and the upperstory trees 

under the TR null model, indicates that the spatial pattern of saplings is more related 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 grow close to the small trees that provide 

them with shade whereas seedlings avoid 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 10-15 m, at the approximate 

scale of a gap (Moeur, 1993; Busing, 1998). Therefore, we observe 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 the upperstory in uneven-

aged pure and mixed forests (Paluch and Bartkowicz, 2004; Zagidullina and Yikhodeyeva, 

2006). However, our analyses showed an additional spatial clustering of seedlings and saplings 

which 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 and 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 to 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 
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percentage of variation was explained by the environmental factors measured in plot U which 

suggests that shrub protection may not be limited to protection from soil moisture loss but 

may embrace other factors not measured, like hail, frost heave (Castro et al., 2004) or 

protection from grazing (Rousset and Lepart, 1999; Gómez-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 characterised 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 P. sylvestris seedlings and saplings could be partially 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). 

3.5.2 Importance of null model selection and of the spatial component 

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 useful to partial out large-scale 

heterogeneity. Despite its many advantages, this method has seldom been used in ecological 

research (e.g. Lancaster and 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. 

3.5.3 Environmental factors affecting regeneration 

Seedlings and saplings occurred in small episodic clusters in all plots as usually described 

for this species (Kuuluvainen, 1993; González-Martínez and 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 
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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 (Ordoñez, 2004). Our results also 

agree with those of Pardos et al. (2004), who found that light availability was not a limiting 

factor when it is below a certain threshold (GSF<40%), as observed for the four plots in the 

present study (Table 3.1). 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.  

The present study also outlines the importance of considering the spatial component 

while studying managed forests. The large amount of unexplained 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 which have been overlooked. Moreover, 

the small fraction of variation explained by the environmental conditions could be due to 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 (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 due to 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; Maltez-Mouro et al., 2007).  

We acknowledge the fact that contrasting management regimes had to be tested at 

different altitudes because no even-aged management is carried out on the 1300-1600 m 

altitudinal range in our study area. Thus, microclimate differences among plots could 
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potentially affect tree recruitment. However, all plots were chosen on the same North-facing 

slope to reduce microclimatic differences between plots. 

3.5.4 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. 

Our results suggest that: (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 since 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 performing 

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 uneven-aged 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 sprout-origin trees should be 

thinned down to one stem as they do not allow pine regeneration to establish.  

 

3.6 Appendix 1: Spatial analysis by distance indices (SADIE) 

SADIE is a class of methods typically used for the analysis of count data in a grid of 

continuous sampling units (e.g. a plot divided into quadrats) although the methods can be 

modified to deal with point pattern data as well. SADIE allows the detection of regions of 

either relatively high density (patch) or relatively low density (gap) and the average size of 

these clusters. The SADIE method is based on an algorithm in which the observed events are 

iteratively moved until they achieve a regular arrangement (Perry, 1995). The ‘distance to 

regularity’ (D) is assessed by summing the number of moves each event undergoes until 

regularity is achieved (on the basis of a comparison of the initial and final arrangements). 

Therefore, (following Fortin and Dale, 2005; and Perry and Dixon, 2002), let m be the mean 

of the counts of N events in a grid of n quadrats. Each unit with a count of more than m 

events, call it ci, must gain ci-m events and each unit that has a count of fewer than m events, 
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call it cj, must gain m-cj events. If there are p units with counts greater than m and q units with 

counts less than m: 

∑∑
= =

=
p

i

q

j
ijij dvD

1 1
                       [1] 

where  is the distance between two units and an index of clustering is ascribed to each 

sample unit, with subscript i for patches and j for gaps. The larger is D the more spatially 

aggregated is the observed arrangement of counts. Patch clusters will be neighbourhoods of 

units with counts that are all larger than the sample mean, m. Gap clusters will comprise 

several units nearby to one another, with counts smaller than m. The observed value from D 

can be tested for statistical significance using a randomization procedure. The ratio of the 

mean distance moved under the observed relative to simulated CSR (complete spatial 

randomness) data is termed the index of aggregation Ia (Perry, 1995). Another aggregation 

index (v

ijd

ij) is associated to each sampling unit. The Ia index indicates if the spatial pattern is 

globally non-random whereas vij shows if a given sample (i.e. observed count) tends to 

contribute to a patch or a gap.  

With this method the degree of local aggregation is dependent not only on the size of the 

count associated with a patch, but also in its spatial position and count size relative to 

neighbouring patches (Perry, 1999). Following their calculation, the values of the clustering 

indices may be mapped and contoured; this facilitates the identification and quantitative 

description of the location, size and dimension of each cluster. 

 

3.7 Appendix 2: Principal coordinates of neighbour matrices (PCNM) 

Principal Coordinate of Neighbour Matrices (PCNM) is a tool to represent multiple-scale 

spatial structures in the response variable of interest (Borcard and Legendre, 2002). PCNM 

variables represent a spectral decomposition of the spatial relationships among the sampling 

locations. The steps to create the PCNM variables are summarized in Table 3.A1. 
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Figure 3.A1. Schematic description of PCNM analysis (from Borcard et al., 2004b). 

 

The PCNM method begins building a distance matrix among locations. After this step, an 

eigenfunction decomposition of a truncated matrix of geographic distances among locations 

is constructed. Finally, PCNM yields positive vectors that represent all the spatial scales that 

are included on our sampling scheme which can be after used as spatial descriptors in 

regression or canonical analysis. 
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Based on: 
Regeneration of Mediterranean Scots pine (Pinus sylvestris) under alternative 
shelterwood systems within a multiscale framework (submitted). 
Ignacio Barbeito, Valerie LeMay, Rafael Calama and Isabel Cañellas 

O1. Influence of environmental heterogeneity        X SPECIFIC 
OBJECTIVES O2. Influence of silvicultural interventions              X 
 O3. Importance of spatial scale      X 
 O4. Adaptation or development of methodology     
 O5. Guidelines for management        X 
DATA   
Study area • Scots pine (Pinus sylvestris L.) stands in Valsaín and Navafría 

forests, in the Central Mountain Range of Spain. 

Field data • Temporary Scots pine sample plots. 
• Spatial data: 

• Regeneration plots (4 m ×  4 m) 
• 100 ×  100 m grid in Valsaín  
• 125 ×  125 m grid in Navafría. 

• Overstory tree x-y coordinates ( within 25 m radius 
        from the regeneration plot centres). 
 

Sample size &  
spatial scale  

• 45 plots covering a regeneration cutblock in Valsaín (group 
shelterwood).  

• 35 plots covering a regeneration cutblock in Navafría 
(uniform shelterwood). 

• Both cutblocks are approximately 40 ha. 
DATA ANALYSIS   
Explained variables • Natural regeneration density 

Independent variables • Spatial competition index. 
• Principal components representing environmental gradients. 
• Soil preparation (yes or no). 
• Spatial metrics representing all scales. 

  
Statistical analysis • Spatial autocorrelation. 

• Factor analysis. 
• Principal coordinate analysis of neighbour matrices. 
• Generalized linear model (negative binomial distribution). 

MAIN FINDINGS   
 • Natural regeneration was the result of the interaction 

between fine-scale and coarse-scale processes. Regeneration 
concentrated where organic materials were removed. 

 • Under future scenarios of more frequent summer droughts, 
management practices using more frequent but light 
harvests combined with small scale soil disturbances that 
promote longer regeneration period duration may reduce 
risk of P.sylvestris regeneration failure. 
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4 Regeneration of Mediterranean Scots pine (Pinus sylvestris) 

under alternative shelterwood systems within a multiscale 

framework 

4.1 Abstract 

We studied Pinus sylvestris regeneration patterns under two shelterwood systems at the 

southernmost distribution limit for the species on the Mediterranean mountains of Central 

Spain using a multiscale framework. Since future climate scenarios predict more frequent 

droughts and warmer temperatures, the need to critically assess common silvicultural 

practices has arisen. Uniform shelterwood (US) includes less frequent but heavier timber 

extractions than group shelterwood (GS). Regeneration, forest structure and environmental 

variables were recorded for plots over a uniformly spaced grid for one stand of each 

shelterwood method. For US, soil preparation to expose mineral soil had been applied to 

some locations. Under GS, no preparation was needed. A competition index using upperstory 

tree measures was used. Factor analysis of soil, vegetation and topographical measures 

revealed two factors representing topographic and soil richness gradients. Spatial metrics 

representing all scales were extracted using the principal coordinate analysis of neighbours 

matrices method on plot coordinates.  A generalized linear model using a negative binomial 

distribution was fitted to predict regeneration density using competition, environmental 

gradient factors, soil preparation (yes or no), and spatial metrics. Soil preparation explained 

the most variation in regeneration density for US. Spatial measures explained the highest 

proportion of deviation for GS indicating that other unmeasured factors are important for 

explaining variation in regeneration densities. Although US had a higher mean regeneration 

density, GS had a wider range of regeneration ages. Under future scenarios of more frequent 

summer droughts, management practices using more frequent but light harvests combined 

with small scale soil disturbances that promote longer regeneration period duration may 

reduce risk of P.sylvestris regeneration failure.   

 

Keywords: natural regeneration; shelterwood system; competition; soil condition; multiscale 

spatial analysis; changing climate. 

 

 77



CHAPTER 4: REGENERATION OF SCOTS PINE UNDER ALTERNATIVE SYSTEMS_________________ 

4.2 Introduction 

In the Mediterranean region, the success of tree seedling establishment and development 

varies with fine-scale spatio-temporal resource availability and with seed availability, dispersal, 

and viability, resulting from a broad suite of natural and anthropogenic processes (Maltez-

Mouro et al., 2007; Urbieta et al., 2008). Intra- and inter-annual changes in climatic variables, 

particularly the duration of summer droughts, affect the success of natural regeneration in 

Mediterranean forests. For some species, the combination of seed production and favourable 

climatic conditions for seedling establishment only occurs every 20–40 years (González-

Martínez and Bravo, 2001).  Harvest practices may be the most important disturbance 

regulating regeneration in many intensively managed Mediterranean forests.  The removal of 

trees through harvest introduces gaps that affect changes in light and nutrient availability, and 

microclimate (Canham et al., 1990). The intensity and frequency of tree removal over time 

alters the sizes and distribution of gaps, altering the spatio-temporal patterns of natural 

regeneration (Valkonen, 2000; Grassi et al., 2004). Fire also plays an important role, but fire 

risk is often reduced through the reduction of the fuel load (Scarasia-Mugnozza et al., 2006). 

Recently, recurrent and severe summer drought episodes have caused failures of natural 

regeneration in some areas (e.g. Aussenac, 2000; Rodríguez-Calcerrada et al., 2008) and 

common silvicultural practices have been called into question (González-Hidalgo et al., 2001).  

Since future climate scenarios predict more frequent droughts and warmer temperatures 

(IPCC, 2007), the need to critically assess common silvicultural patterns has arisen.   

A number of empirical studies on post-harvest regeneration of coniferous species in 

boreal forests of Northern Europe have been published (e.g. Valkonen et al., 2002; 

Eerikäinen et al., 2007). Empirical regeneration studies in moisture-limited sites, such as those 

common in the Mediterranean region, have mainly focused on post-fire recruitment (Pausas 

et al., 2004; Fyllas et al., 2008) with few studies on post-harvest regeneration. Also, succession 

in Mediterranean forests has often been studied at a single scale of one hectare or less, 

including studies on Scots pine regeneration (e.g. Montes and Cañellas, 2007; Ngo-Bieng et 

al., 2006).  An exception is a study by Gomez-Aparicio (2008), who studied whether 

recruitment dynamics were site-specific or similar for sites with similar coarse-scale 

characteristics for a Mediterranean wind-dispersed tree. 

Scots pine (Pinus sylvestris L.) mountain forests of the Iberian Peninsula can represent an 

ideal system to study natural regeneration requirements of harvested forests under a changing 
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climate scenario in the Mediterranean region because: (1) they represent the southernmost 

distribution of typical boreal species (Castro et al., 2004); (2) they show both great spatial and 

temporal variability of regeneration patterns depending on climatic variability and seed 

availability (Montes and Cañellas, 2007); and (3) shelterwood methods have been intensively 

applied as the regeneration method for more than two centuries (Rojo and Montero, 1996). 

Shelterwood methods rely completely on the success of natural regeneration in 

Mediterranean Scots pine forests (Rojo and Montero, 1996).  Using these methods, a new 

stand is established by gradually removing all trees in a series of repeated cuttings over a 

period of years, allowing seedlings to become established under the protection of the older 

trees.  The retention of an upperstory can improve seedbed properties and reduce the 

frequency of temperature extremes and droughts (Valkonen, 2000). However, the density and 

spatial pattern of retained upperstory trees over time that best achieves regeneration 

objectives is not well documented.  Evidence suggests that regeneration success for a given 

shelterwood method depends on site and climate conditions and is higher for the more shade 

tolerant species of Mediterranean forests than for species in other boreal forests (Montes and 

Cañellas, 2007; Barbeito et al., 2009a).   

Of possible shelterwood methods, the uniform shelterwood is the most widely used 

regeneration method in Mediterranean forests, but the group shelterwood has been used by 

managers in even-aged pure Scots pine stands.  In spite of benefits of shelterwood methods, 

regeneration goals have not always been met. Possible reasons for failure may be: (1) 

although gaps in upperstory canopies result in increased light, the associated increased 

evaporation cause increased mortality (Aussenac, 2000); (2) longer regeneration periods may 

be needed than are commonly used (Bravo and Balteiro, 2004); and (3) regenerated trees may 

be consumed by the large number of herbivores characteristic of Mediterranean forests 

(Zamora et al., 2001).   

 If natural regeneration is to be used to provide an acceptable level of regeneration after 

harvest, the effects of management practices at multiple spatial scales need to be understood, 

including the interactions of fine-scale neighbourhood processes with coarser-scale 

disturbances (Fortin and Melles, 2009).  Some processes affecting the spatio-temporal 

regeneration patterns operate at the local scale, including the production of viable seeds 

(Juntunen and Neuvonen, 2006) and seed dispersal (Clark et al., 1998). However, both 

anthropogenic (e.g., tree harvest, soil preparation) and natural (e.g., windthrow, epidemic 
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insect and pathogen attacks, seed and seedling predation) perturbations can act at larger 

scales (Kuuluvainen and Juntunen, 1998; Curran and Webb, 2000; Fajardo et al., 2007).   The 

spatial distribution of regeneration can be used as a surrogate for unmeasured influential 

variables and processes, and to generate new hypothesis about the variables responsible for 

the processes that generated the patterns (Borcard et al., 1992; McIntire, 2004). To reveal the 

spatial structures of an ecological data set at any scale based on sample data, spatial-filtering 

methods based on eigenfunction analyses have been used (Borcard and Legendre, 2002; 

Griffith, 2003). Spatial variability can then be explained by adding spatial predictors to 

models (Griffith, 2003), including generalized linear models (GLMs; McCullagh and Nelder, 

1985). 

In this study, we explored the effects of two shelterwood methods on the spatial 

distribution of natural regeneration of Scots pine in Central Spain. We focused on the first 

stage of regeneration, when regenerated trees are part of the understory and under the effects 

of the upperstory (Maltez-Mouro et al., 2009). We hypothesized that the upperstory density, 

sizes, and spatial distribution, along with the soil preparation method would impact 

regeneration success.  Our primary objective was to examine the impacts of influential 

variables on regeneration densities at the stand-level scale, specifically: (1) spatial variation 

related to environmental gradients; (2) differences in overall density and spatial patterns as a 

result of silvicultural methods, particularly, retained tree density and soil preparation; and (3) 

remaining unexplained spatial variation.  Our aim was that this study would help managers 

select strategies that improve conditions for Scots pine natural regeneration in Mediterranean 

forests, particularly under changing climate. 

4.3 Material and Methods 

4.3.1 Study area and silvicultural methods 

We sampled regeneration in two managed mountain forests located on the north-facing 

slopes of Sierra de Guadarrama, in Central Spain (40º 49’ N, 4º 1’ W) (Fig. 4.1). Both forests 

are pure Scots pine with a long history of harvest and management. The elevation of both 

forests ranges from 1200 to 2200 m a.s.l., approximately, with annual rainfall of about 730 

mm and mean annual temperature around 9.8 ºC. These mountains are composed of granite 

and gneiss, with fairly homogeneous soils throughout the pinewoods, being predominantly 

humic cambisol type soils or leptosols at the higher sites (Forteza et al., 1988). In both forests, 
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logging residues are piled and burned to reduce fire risk, and chainsaws are used in cutting 

upperstory trees to minimize the damage to regeneration and retained trees during harvesting. 

Although both forests are located on the north-facing slope of the mountain range and 

share very similar ecological conditions, the shelterwood methods differ. Navafria forest is 

managed under a uniform shelterwood  regeneration method (US) and Valsain forest under a 

group shelterwood  regeneration method (GS). For stands managed using US, intensive 

thinning is applied from age ca. 30 years until 80 years to stimulate crown development and 

diameter increment. At 80 years, the canopy is opened through an initial harvest.  

Subsequently, additional trees are removed uniformly in two or three secondary harvests over 

a 20-year period, leaving a low residual tree density, with a final harvest of remaining trees at 

100 years.  Using GS, stands are moderately thinned until they reach 100 years.  Trees are 

then harvested to create small gaps, and, as regeneration appears, subsequent secondary 

fellings every 4 to 5 years over a 40-year period are used to widen the gaps where 

regeneration has successfully established.  As a result, natural regeneration establishes 

progressively under the protection of the older trees until the final harvest at 140 years. 

Usually, some seed trees are retained in the final harvest. In US, mechanical soil tilling is 

often used to eliminate excessive weeds or remove the undecomposed humus layer after the 

initial harvest, while in GS no additional soil preparation is needed. 

 

 

 

 

 

 

 

Fig. 4.1. Geographical location of group shelterwood (GS) and uniform shelterwood (US) forests in Central 
Spain.  
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We selected a harvested area of ca. 40 ha in each of US and GS. Regeneration plots were 

established in each stand after the initial harvest (at 80-years in US and 100 years in GS) using 

systematic sampling with regular (square) spacing.  Grid spacing was 100 X 100 m in the GS 

stand (45 plots) and 150 X 150 m in the US stand (35 plots), since the US stand was more 

homogeneous.  In both cases, the number of plots was chosen to ensure variation in the 

sample in terms of regeneration ages and to represent the existing range of altitudes, slopes 

and stand structures (Table 4.1). Plots were established at a minimum distance of 50 m from 

roads and from other harvested areas to avoid edge effects. Also, the sampled stands had 

been fenced to avoid livestock grazing pressure.    

4.3.2 Regeneration sampling 

At each grid intersection, a square regeneration plot of 16 m2 was established.  We counted 

and measured the height of regenerated trees defined as trees with a diameter at breast height 

(DBH; measured at 1.3 m above ground) below 7.5 cm and a height more than 10 cm, as 

these trees are likely to have survived at least one summer (Table 4.2).   

 

Table 4.1. Mean and standard deviation values for the topographic, light, soil and cover attributes measured at 

GS (45 plots) and US (35 plots).  

Mean CV(%) Min Max Mean CV(%) Min Max

Topographic attributes
  Elevation (m) 1680.2 3.6 1569.0 1764.0 1356.2 2.6 1298 1439

  Slope (%) 28.6 41.3 5.5 52.7 10.3 47.6 4 22.5

  Aspect index (AI; -1 to 1) 0.5 60.0 -0.2 1.0 0.52 50.0 -0.6 1.0

Light attributes
  Global site factor (GSF; 0 to 1) 0.7 14.3 0.3 0.9 0.3 33.3 0.1 0.6

Soil attributes
  Moisture (%) 4.2 19.1 2.8 7.4 5.9 28.8 2.5 11.2

  Fine texture (<2mm; %) 71.6 14.3 37.4 92.8 83.9 11.6 56.4 96.1

  pH 4.7 4.3 4.3 5.3 5.3 3.8 4.9 5.8

  Nitrogen (%) 0.4 25.0 0.2 0.5 0.3 33.3 0.1 0.5

  C:N ratio 20.9 23.9 12.5 40.5 17.3 11.6 11.5 20.8

  Phosporus (mg kg-1) 11.6 39.7 4.7 24.6 6.4 51.6 2.3 17.5

  Potassium (mg kg-1) 219.2 24.8 157.1 363.5 291.6 40.5 97.9 582.6

  Organic matter (%) 13.1 0.8 7.3 31.6 9.3 26.9 4.3 14.4

Cover attributes
  Shrub (%) 1.2 358.3 0 5.0 16.9 84.1 0 55.0

  Herbs (%) 50.1 51.3 3.8 93.8 39.1 44.8 8.8 85.0

  Litter  (%) 12.8 90.6 0 46.3 62.1 41.5 10 100
  Stoniness (%) 12.9 93.8 0 62.5 2.6 51 0 27.5

Variable
US  (uniform shelterwood) GS  (group shelterwood) 
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Table 4.2. Stand structure characteristics of regeneration and retained adult trees.  

 

Mean CV(%) Mean CV(%)

Regeneration
   Number (16 m-2) 202.5 203.6 35.9 199.2
   Height (cm) 40.8 60.3 75.1 131.7

Retained trees
   Number (ha-1) 66.7 51.9 174.9 46.8
   DBH (cm) 36.1 20.2 34.6 25
   Height (m) 16.3 23.9 22 19.5
   Basal area (m2 ha-1) 11.1 29.7 33.4 43.7

   IPOT (0-1) 0.11 145.5 0.34 76.5

Variable US (uniform shelterwood) GS (group shelterwood)

 

 

 

 

 

 

 

Notes: IPOT is the competition indexl;DBH is diameter at breast height at 1.3 m above ground; and 
CV is the coefficient of variation as a percent.   
 

Mortality of Scots pine seedlings is often very high during the first summer, sometimes 

reaching 100% (Pardos et al., 2007).  As well, the spatial location (i.e., x-y coordinate) at the 

centre of each 16 m2 plot was recorded.  For a random sample of regenerated trees within 

0.5-metre height intervals from 0.1 m to 3.5 m (maximum regeneration height over both 

stands) in each stand, we measured age by cutting the tree and counting the number of rings.  

This information was used to relate age to height of regenerated trees. 

4.3.3 Post-crop retained trees competition 

We assessed upperstory stand structure within a 25 m radius from each regeneration plot 

centre, considering retained seed-trees to be those above 22.5 cm DBH, as there was only a 

small fraction of trees between 7.5 <DBH<22.5 cm (ca. 5%). For each retained tree, we 

recorded tree height, DBH and spatial position (i.e. x-y coordinates). To facilitate the 

examination of the relationship between retained trees and regeneration density, we used 

retained tree dimensions (diameter and height), density, and spatial pattern to calculate the 

influence potential (IPOT) competition index for each sample point.  IPOT is based on the 

concept of ecological field theory (Wu et al., 1985), applied as the empirical measure described 

by Kuuluvainen and Pukkala (1989) as follows: 

 

Øij=Øij(0) × exp(-bijsij2)                      [1] 

GPOTj=∏ [1-Ø
=

jn

i 1
ij]  and IPOTj=1-GPOTj                                    [2] 
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where Øij is the potential influence of tree i at point j, sij is the distance from tree i to the plot 

centre, Øij(0) is DBH/(reference diameter), bi is a parameter, and nj is the number of trees for 

point j.  We chose the maximum DBH in our data, 60 cm, as the reference diameter, 

following Kuuluvainen and Pukkala (1989).  The parameter bij was replaced by a function of 

the tree height bij=1/(a x hij), where hij is height (m) of tree i at point j and a is a parameter. 

We tested alternative values of a from 0 to 1 by 0.1 based on the correlation between 

regeneration density and IPOT.   The value 0.4 recommended by Kuuluvainen and Pukkala 

(1989) resulted in the highest correlations for both stands. The possible values for IPOT for 

each point j range from 0 (no competition) to 1 (maximum competition) (for details see 

Appendix in Siipihleto, 2006).  This measure of upperstory competition was included as an 

explanatory variable in estimating the regeneration density.   

4.3.4 Environmental variables 

In each regeneration plot, we gathered information for four groups of variables (Table 4.1):  

1. Topographic variables, specifically, elevation, slope and aspect. These variables 

represent larger scale site variation.  Aspect was converted to Aspect Index, using 

AI=cos(α-22.5), where α is the aspect angle in radians. AI ranges between 1 (northeast 

facing slope) and -1 (southwest facing slopes) (Pausas et al., 2004).  

2. Light availability.   This variable has been shown to be relevant at a small scale (Pardos 

et al., 2007; Barbeito et al., 2009a).  The light availability was measured by taking a 

digital hemispherical photograph at each plot centre 1.30 m above ground in overcast 

conditions. HemiView Canopy Analysis Software (Delta-T Devices Ltd.) was used to 

calculate the Global Site Factor (GSF), the proportion of total radiation under a plant 

relative to that in the open, ranging from 0 (completely closed canopy) to 1 

(completely open canopy).  

3. Ground cover features. For each regeneration plot, the percent of cover by herbs, 

shrubs, stones, and litter were visually estimated visually to the nearest 10 percent, 

important measures of small-scale site variability. 

4. Topsoil variables.  Topsoil was identified as being important for small-scale for other 

Mediterranean harvested forests (e.g. Rubio and Escudero, 2003).  Topsoil was 

sampled by taking four soil cores (0-15 cm depth) in each plot and aggregating the 

samples before analysis. The fine soil fraction for the natural soil (<2 mm) was 

calculated before soil samples were sieved (2 mm) and analyzed for: total nitrogen (N) 

(Kjeldahl method); available phosporus (P) (Olsen method); organic carbon (Walkey 
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and Black method), which was converted to organic matter (OM); colloidal potassium 

(K) (atomic absorption); soil pH (in distilled water) and soil moisture percentage 

humidity (H) (gravimetrically).  

We conducted Principal Component Analysis (PCA, Legendre and Legendre, 1998), to 

reduce the number of environmental explanatory variables.  This was followed by factor 

analysis using a varimax rotation (Kaiser, 1958) to provide factors that represent the most 

important underlying gradients.  Factor scores were then considered as possible explanatory 

variables for estimating regeneration density. 

4.3.5 Spatial variables 

We used principal coordinate analysis of neighbour matrices (PCNM; Borcard and 

Legendre, 2002) as a tool to represent multiple-scale spatial structures in the response 

variable of interest (e.g. regeneration density). For this procedure, a matrix of all distances 

between regeneration plot centres was calculated.  Then, PCNM was applied to the distance 

matrix to yield PCNM vectors that represent all the spatial scales that our sampling scheme. 

These vectors were considered as explanatory variables to predict regeneration densities (e.g. 

García et al. 2009). 

4.3.6 Data analysis 

We initially examined the spatial structure of regeneration density over the study area 

using contour plots, using the plot centre as coordinates for each regeneration density.  

Moran’s I spatial autocorrelation statistic (Legendre and Legendre, 1998) was calculated for 

10 distance classes of 100 m class width (see Appendix 2 for a more detailed description of 

Moran’s I).  Moran’s I was then plotted against distance classes representing a spatial 

correlogram. The hypothesis of no spatial autocorrelation at any scale was tested by 

conducting tests for each distance class using a Bonferroni correction of the significance level 

(i.e., significance level / number of distance classes used for each test; Legendre and Fortin, 

1989). Given environmental heterogeneity and biotic interactions could vary with direction, 

spatial correlograms were calculated for four directions as a means of testing for isotropy 

(Oden and Sokal, 1986). 

Possible explanatory variables affecting regeneration density were examined using 

generalized linear models (GLMs, McCulllagh and Nelder, 1985) and a negative binomial 

probability density function for each forest (see Appendix 1 for a description of GLMs). 
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When the response variable is a count of individuals, commonly a Poisson probability 

distribution is used where the mean is equal to the variance. However, regeneration is often 

characterized by variance values exceeding the mean (Table 4.2). Therefore, a negative 

binomial distribution is preferred (Venables and Ripley, 2002) and has been frequently 

selected for modelling forest regeneration (e.g. Harmer and Morgan, 2007; Fyllas et al., 2008).  

The overall model to estimate regeneration density was: 

Rdensity = f(Environment + IPOT + Soil Preparation +Space) + residual error                          [3]

            

where Rdensity is the regeneration count for each 16 m2 plot, Environment is represented by the 

two factors extracted for each forest, IPOT represents the competition index of retained adult 

trees, Soil Preparation is a categorical variable included only in US that indicates soil 

preparation coded as 1 for soil preparation or 0 for no soil preparation, and Space represents 

the spatial predictors generated from a PCNM analysis. Thus, the Environment, IPOT and Soil 

Preparation variables represent variation based on identified variables, whereas the spatial 

predictors represent other variables that change with space but are not explicitly measured. 

Also, the spatial variables allow for investigations at a variety of spatial scales  

We checked for the assumption of independence of residual errors. The percentage of 

explained deviance [100 ×  (null deviance-residual deviance)/null deviance] as an index of 

goodness of fit (McCullagh and Nelder, 1989). As a final step, we used the “decomposition 

of the variance” approach (Whitakker, 1984) to evaluate the relative contribution of the 

spatial predictors versus other variables. Variance partitioning has been applied to the 

problem of cross-scale correlations (Mahon et al., 2008) and to separate the contribution of 

environmental and spatial variables in the explanation of the spatial patterns of species 

(Asselin et al., 2001; Urbieta et al., 2008). The advantages of using this approach is that both 

the variation that is due to each set of variables and the overlap in contributions can be 

determined. We calculated the percentage of variation attributable to spatial variables and to 

the other variables relative to the full model as:  

Variance due to spatial predictors= percent deviance (Full model)-percent  

deviance (other variables)                     [4] 
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Variance due to other predictors= percent deviance (Full model)-percent  

deviance (spatial variables)                                 [5]
  
The percentage of shared variance between these two groups of variables was then calculated 

as: 

Shared percent deviance= percent deviance (Full model)                                              
-percent deviance (Spatial predictors) 
-percent deviance (Other predictors)                                 [6]

  
All calculations, analyses and graphs were performed using the R environment (R 

Development Core Team 2008), except for the PCNM analyses that were conducted using 

the Spacemaker2 program (Borcard and Legendre, 2004). 

4.3 Results 

4.4.1 Regeneration density, distribution and structure 

More than half of the plots studied had some regeneration (65% in GS and 60.6 % in US). 

Regeneration density was very highly variabile, ranging from 0 to 323 individuals/16 m2 in 

GS (CV=199.2%, Table 4.2) and from 0 to 1290 individuals/16 m2 in US (CV=202.5%, 

Table 4.2), and presented a clearly skewed frequency distribution towards low values in both 

forests (Fig. 4.2). In GS, the age-structure of the height classes indicated that regeneration 

was almost a continual process throughout the whole regeneration period, while in US it was 

more concentrated in two specific periods (Fig. 4.3). Moreover, height differentiation was 

much greater in GS (CV=131.7 %) than in US (CV=60.3 %).  
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Fig. 4.2. Frequency distribution of regeneration density (individuals m-2 ) in (a) GS and (b) US. Note that the x 
axes differ in scale. 
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Fig. 4.3. Age-structure of regeneration height classes from 0.1 m to 3.5 m (0.5 m interval) for (a) is US and (b) 
is GS. Box indicates upper and lower quartile, horizontal line indicates the median value and whiskers indicate 
the minimum and maximum values. 
 

Spatial autocorrelation analysis of regeneration density indicated global significance at α 

=0.01 (Bonferroni corrected test) in both forests, and revealed clear differences in their 

spatial structure (Fig. 4.4). Moran’s I values at the first distance interval were higher for US 

(0.8) than for GS (0.3) showing a greater similarity for neighbouring plots in US. Additionally, 

the correlogram for GS showed a wide wave shape which suggests a clumped spatial pattern 

with a patch size of ca. 400 m and repetition of the spatial pattern (Fortin and Dale, 2005). In 

contrast, in US the all-directional correlogram showed a trend of significant positive values at 

short distances (<300 m) to negative ones at larger distances (>300 m) indicating that a 

spatial gradient exists (Fortin and Dale, 2005). Furthermore, the analysis of the directional 

correlograms supported the observations from the all-directional correlogram, and no 

significant anisotropy was detected for GS or US. 

4.4.2 Variables affecting regeneration 

The IPOT competition index was higher under the group shelterwood system (GS, 

mean=0.34) than under the uniform shelterwood system (US, mean=0.11) reflecting a denser 

neighbourhood influence in the former, which could have been expected from the highest 

number of retained trees existing in GS (mean=174.9, SD= 81.8) if we compare it to US 

(mean=66.7, SD=34.6). However, IPOT values in US were two times more variable than in 

GS (CV=145.5 % and CV=76.5 % respectively). 
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Fig. 4.4. Spatial patterns of regeneration distribution in (a) US and (b) GS. Left: interpolation maps from n=45 
points in GS and n=35 points in US in a grid pattern over the sampled study area. High shade intensities 
indicate large regeneration values. Right: spatial all-directional correlograms, with solid circles indicating 
significant coefficients value of Moran’s I after Bonferroni correction (note that the y-axis scale is different). 
 

Factor analysis showed a strong underlying structure of the environmental variables with 

ca. 50% of the total variance of the environmental variables accounted for by the first two 

factors in each forest (Table 4.3). The first underlying gradient (PCT) represented by the first 

factor in GS and the second in US could be interpreted as a gradient of erosion where the 

fine soil fraction decreases as slope increases. Elevation shows opposite factor loading signs 

for GS and US likely as a result of a flat area at the highest elevation in US. Generally, larger 

factor scores for PCT indicate higher elevations and steeper slopes indicating that this factor 

represents larger-scale processes.  The second underlying gradient, PCS, (second factor in GS 

and first in US) could be interpreted as a gradient of soil condition (N, P, K and soil 

moisture) from soils rich in organic matter to mineral-exposed soils. Larger factor scores 

indicate richer soils, and reflect smaller-scale variability.  
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Table 4.3. Results of factor analysis of the stand environmental variables measured at GS and US after varimax 
rotation. PCT is the factor explaining the topographical gradient and PCS the factor explaining the soil 
condition gradient.  Factor loadings with absolute values greater than 0.5 are shown in bold. 

 

PCT PCS PCS PCT

(topography) (soil) (soil) (topography)
Elevation 0.76 0.28 0.35 -0.92
Slope 0.65 -0.01 -0.23 0.73
Aspect index (AI) 0.26 0.33 -0.37 0.26
Light availability (GSF) -0.47 -0.03 0.06 0.34
Soil moisture -0.23 0.63 0.68 0.38
Fine soil texture -0.83 -0.09 -0.2 -0.62
pH 0.28 0.14 -0.88 -0.02
Nitrogen 0.28 0.96 0.78 0.15
C:N ratio 0.40 -0.28 0.25 0.51
Phosporus 0.02 0.37 0.76 -0.27
Potassium -0.08 0.61 0.29 0.37
Shrub cover 0.07 0.35 0.17 -0.05
Herbs cover -0.48 -0.08 0.21 -0.03
Litter cover 0.47 0.11 0.26 0.34
Stoniness -0.12 0.01 0.13 0.35
% Variance explained 31 22 27 23

GS (group shelterwood)

Environmental variable
Principal components Principal components

US (uniform shelterwood)

 

 

 

 

 

 

 

 

 

 

4.4.3 Regeneration models  

Generalized linear models fitted to combinations of variables excluding the PCNM spatial 

variables indicated that the soil factor was the most important predictor of pine regeneration 

density in both forests, contributing to a large amount of the explained deviance in the 

models (Table 4.4). Since larger soil factor (PCS) scores indicate richer soils, regeneration 

decreased when soils were richer in nutrient for both US and GS. For US, regeneration 

increased when soil preparation was done.  Regeneration density was also negatively related 

to PCT in GS, indicating that less regeneration occurred for steeper, higher elevation sites 

with less fine soil material.  PCT was not significant for predicting regeneration in US perhaps 

because of the flatter sites at higher elevations and the influence of soil preparation. The 

competition index (IPOT) depicted different behaviours in US and GS, with a negative effect 

on regeneration density in the former and no effect (i.e., not significant using α=0.05) in the 

latter. 
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Table 4.4.GLM for Scots pine regeneration density for GS (n=45) and US (n=35). PCT is the underlying 
topographical gradient factor, PCS is the underlying soil condition gradient factor, IPOT is the competition 
index of retained trees based on ecological field theory and DBH is diameter at breast height.  

Site Factor Influence Explained deviance (%)

US PCT - 0.31 1.6
(uniform shelterwood) PCS - 0.043 10.8

IPOT - 0.0016 10.1
Soil preparation + <0.001 37.5

GS PCT - 0.0012 9.1
(group shelterwood) PCS - 0.0013 14.4

IPOT + 0.091 1.9

Explanatory variables
( )2χ>p

 

The full models including spatial predictors from PCNM were then fitted, using forward 

selection resulting in retention of four PCNM spatial variables. The full models were able to 

explain more than 50 % of the deviance in regeneration density in both forests (Table 4.5), 

and the assumptions for residuals were met (Fig. 4.5). The results of variation partitioning 

showed that about half the total deviance was shared between spatial and non-spatial 

measures for US (49.8%).  For GS, the shared total deviance was less, and the majority of 

deviance was pure spatial (53.0%).  Since soil preparation appeared to be important for US, 

the pure non-spatial deviance was high (30.6%).   

 

Table 4.5.  Pure spatial and non-spatial (PCT , PCs , IPOT and Soil preparation) components and shared 
component (spatial-non-spatial) explaining variation in Scots pine regeneration distribution. 

Additive 
components % deviance % total deviance % deviance % total deviance
of variation explained  explained explained  explained

Pure (Non-spatial) 17.3 30.6 10.9 18.9
Pure (Spatial) 11.0 19.6 30.9 53.0
Shared (Spatial-Non spatial) 28.1 49.8 16.5 28.1
Total 56.4 100 58.3 100

US  (uniform shelterwood) GS  (group shelterwood)
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Fig. 4.5. Observed and predicted values expressed as ln (regeneration density) in (a) GS  and (b) US ; residuals 
and predicted values [expressed as log(density)] in (c) GS and (d) US . Multiple R values for the fitted models 
were 0.77 and 0.73, respectively.  
 

4.5 Discussion 

4.5.1 Regeneration density, distribution and structure 

At the cutblock scale, regeneration showed high density variability and a spatially 

autocorrelated structure under both shelterwood systems. The patchy pattern in GS may 

reflect the effect of minor smaller-scale disturbances that allow seedling establishment (Oliver 

and Larson, 1996). These effects along with the long regeneration period (40 years) may 

explain the nearly continuous age distribution regeneration found in this stand. On the 

contrary, the gradient pattern found in US may reflect the influence of soil preparation 

performed in good seed years. Regeneration is concentrated where organic materials were 

removed.  The less variable age distribution suggests that these prepared areas were occupied 

within the first two to three years after preparation, prohibiting subsequent establishment of 

regenerated trees (González –Martínez and Bravo, 2001).  
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4.5.2 Variables affecting regeneration 

Previous fine-scale studies (≤0.5 ha) carried out in the same study area have revealed a 

fine-scale patchiness of regeneration associated with variations of light, soil moisture and 

microtopography features while soil influence was not significant at those scales (Pardos et al., 

2007, Barbeito et al., 2009a). Moreover, at a similar scale, a preference of regeneration for 

moderate light conditions and moister microsites in the early stages has been found in other 

moisture-limited coniferous forests (Barbeito et al., 2009a; LeMay et al., 2009). For our study, 

the smaller scale soil properties factor was the most important, controlling post-harvest Scots 

pine regeneration at a smaller scale.  

The importance of surface soil properties for regeneration establishment in the 

Mediterranean basin is widely recognized (Maestre et al., 2003; Gómez-Aparicio et al., 2005). 

Our results showed that the inclusion of soil preparation was the single most important 

factor under a uniform shelterwood regeneration method (US). The herbaceous layer or a 

thick organic layer constitutes a physical barrier preventing seeds from contacting the mineral 

soil. Therefore, moderate soil disturbance eliminating these layers would create mineral soil 

with better water conductivity (Beland et al., 2000). Overall, our results are consistent with 

previous studies that have found higher densities of pine regeneration in mineral soils in 

boreal forests (Nilsson et al., 2002; Hille and den Ouden., 2004; Karlsson et al., 2005) and 

Mediterranean forests (Pinus sylvestris in the northeast and south of Spain; González-Martínez 

and Bravo, 2001; and Pinus nigra in the east of Spain; del Cerro Barja et al., 2009).  

An additional variable accounting for regeneration density in both US and GS was the 

topographical gradient of steeper slopes and stonier soils. These substrates have been found 

to negatively affect regeneration survival due to a low root-soil contact (Vilá and Lloret, 2000; 

Gómez-Aparicio et al., 2005).  

The competition index (IPOT) reflects primarily below-ground competition for water and 

nutrients in the case of solitary or grouped retained pines where light interception of retained 

pine trees is relatively low (Kuuluvainen and Pukkala, 1989). As anticipated, increasing 

residual upperstory measured by increasing IPOT was negatively related to regeneration levels 

for US.  An unexpected result was that the competition index was not significant for GS.    

However, the range of IPOT values was narrower for GS than for US.  Since there is less 

small-scale spatial variation in residual trees over the GS area, there was no significant effect 

on the spatial distribution regeneration density.   At a stand-level scale, however, the average 
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number of regenerated trees was much lower for GS than for US (35.9 versus 202.5 trees 16 

m-2, respectively) reflecting less competition in US than in GS (average IPOT of 0.11 versus 

0.34). The effect of retained trees on the average regeneration stand density at the stand-level 

scale were found to be not significant in most studies of Scots pine regeneration in boreal 

forests (Ruuska et al., 2006; Siipilehto, 2006).   

Our models explained more than 50% of the deviance in regeneration density in both US 

and GS. The large percent of explained deviance for the shared spatial-non-spatial variables 

suggests the importance of the interaction between fine-scale and coarse-scale processes. In 

US, the high percentage of the shared explained deviance is probably the result of strong 

relationships between soil preparation and spatial predictors. In contrast, the high percentage 

of regeneration explained by the pure spatial component in GS suggests that we have not 

captured important factors that have shaped regeneration spatial patterns. This remaining 

spatial structure variation could be due to a combination of biotic or abiotic factors that 

influence regeneration spatial distributions at a large scale, including seed predation (Manson 

et al., 1997) or animal dispersal (García et al., 2005).  Alternatively, we hypothesize that spatial 

variation in regeneration density could be linked to harvest operations performed in GS.  

These operations disturb the soil surface, creating more favourable conditions for 

germination as was observed by Kerr (2000) for Corsican pine (Pinus nigra subsp. laricio).  

Extraction impacts on soil would have been reflected in the soil factor (PCS), but impacts at 

the larger scales would only have been captured only by the larger scale spatial predictors.   

4.5.3 Management implications 

The stands studied occupy the southernmost distribution of Scots pines and therefore 

suffer severe summer droughts unlike stands in northern Europe. The results derived from 

this study suggest that a degree of ground level disturbance to break up the herb or organic 

layer at the stand level may be required for regeneration establishment, depending upon the 

shelterwood method used.  If thinning is early and pronounced, increased light can cause a 

corresponding increase in herbs, creating a physical barrier for regeneration establishment 

and increasing water competition during summer. Soil preparation reduces competition for 

resources, particularly for water during summer months, and exposes a better seedbed.  

Timing soil preparation to coincide with abundant seed production and not with extreme 

drought is important for regeneration success. Alternatively, if harvest events are less 

pronounced and spaced over time, regeneration will occur at a variety of times, as evidenced 
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by the diversity of ages in the group shelterwood stand. Under a future climate scenario of 

more frequent droughts, this continuous influx of regenerated trees avoids the problem of 

relying on a confluence of a prepared seedbed with a favourable climate, reducing overall risk 

of regeneration failure.  Moreover, increasing the duration of the regeneration period would 

increase structural diversity throughout the whole rotation period (Barbeito et al., 2009b), as 

regeneration cohorts are created over the stand. The relationship between regeneration 

density and upperstory structure has been found to be critical at smaller scales, where adult 

trees affected light and soil moisture values (Montes and Cañellas, 2007; Barbeito et al., 

2009a).  In this study, this small-scale variation in regeneration density because of 

competition was found for the uniform shelterwood, with a higher variation in competition 

only.  This suggests that regeneration strategies need to also focus on smaller scales by 

managing upperstory trees to create gaps (see Barbeito et al., 2009a). 

To better understand regeneration dynamics in managed Mediterranean forests, 

particularly the relationships between ecological factors and regeneration abundance, further 

studies using a multi-scale approach that integrates fine-scale, stand-level scale (and even 

forest level scale) (e.g. García et al., 2009) are needed. In addition, long-term monitoring of 

these variables would be needed to determine how spatial dependence varies over time and to 

improve our understanding of natural regeneration. 

 

4.6 Appendix 1: Generalized Linear Models (GLMs) 

Generalized Linear Models (GLMs) were developed as an extension to linear models, to 
allow for more complex relationships between the response variable and the explanatory 
variables. By doing so, GLMs can handle distributions such as the Gaussian, Poisson, 
Binomial or Gamma. GLMs are appropriate for both qualitative and continuously distributed 
data with flexible mean-variance relationships, binary data, polytomous data (ordinal, interval 
and nominal scales) and counts (McCullagh and Nelder, 1989). GLMs have the generic 

expression  , with three main components (following Gea-Izquierdo et 

al. 2007): 

)()( 1
iii gYE ημ −==

(1) -- a random component. GLMs allow probability distribution functions from the 

exponential family, such as the Negative binomial: ~NB(k, p) 

iY

iY
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(2) iη -- a linear predictor or systematic component: , where is the value 

of the j

∑
=

=
p

j
jiji x

1
βη ijx

th covariate for observation i, out of p different explanatory variables; and jβ is the 

unknown parameter to be estimated. 

 

(3) -- a link function, between the random and systematic components. It can be 

any monotone differentiable function, but most appropriately those which produce the 
minimum residual deviance. 

)(1 ⋅−g

 
The main assumptions involved with GLMs are as follows (Hardin and Hilbe, 2001): 

- that the ’s are independent (i.e. uncorrelated), iY

- that the variance function )(μV is correctly specified, 

- that the dispersion parameter is correctly specified (i.e. is equal to one for Poisson 
and Binomial data), and, 

- that the link function is correctly specified. 
 

Linear models are thus a special case, when the link function is the identity and the 
distribution is normal. GLMs do not assume constant variance, but assume that there is a 
known relationship between the mean and variance, and they also assume linearity in the 
scale of the link function. An important step before prior to running GLM models is to 
determine the most appropriate probability density function for the response variable 
because it increases accuracy resulting in more conservative models (Gea-Izquierdo et al., 
2007).  

 

4.7 Appendix 2: Spatial autocorrelation coefficients (Moran’s I) 

Spatial intensity and scale of quantitative data from adjacent or non-contiguous sampling 
units can be estimated using spatial autocorrelation coefficients such as Moran’s I or Geary’s c 
(Fortin and Dale, 2005). The coefficient of spatial autocorrelation proposed by Moran (1948) 
is probably the most used cross-product statistic used to describe autocorrelation. It can be 
computed at increasing d distance classes as: 
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where  is the weight at a given distance  for which a value of =1 indicates that 

a pair of two samples,  and , are in the same distance class  and a value of =0 

indicates otherwise, n is the number of pairs and is the sum of all weights . 

Moran’s I indicates how much the value of a parameter with known spatial coordinates is 
correlated to the values of the same parameter in the neighbour, computing the deviation 
between the values of the variable and its mean. The numerator of the index is the covariance 
and the denominator is the variance, so that the index I behaves similarly to Pearson’s 
correlation coefficient, and generally lies between -1 and +1 (although it is not bound by 
these limits unlike Pearson’s correlation coefficient). If two points located at a distance 

show similar values for the variable measured, then the numerator is the product of two 
positive or two negative deviations and the resulting correlation is positive. If the values are 
very different then the resulting correlation will be negative. Therefore, the values range from 
+1 (positive autocorrelation) to -1 (negative autocorrelation), with an expected value close to 
zero in the absence of significant spatial autocorrelation. 

)(dwij d )(dwij

ix jx d )(dwij

)(dW )(dwij

d

 
A spatial correlogram is a series of estimates of Moran’s I evaluated at increasing 

distances, where Moran’s I is plotted on the vertical axis and distance is plotted on the 
horizontal axis. A plot of Moran’s I against distance, regardless of direction, is called an all-
directional correlogram, and it assumes an isotropic spatial pattern for the variable studied 
(Legendre and Fortin, 1989). Correlograms can also be computed only for pairs of points in a 
specified direction (e.g. north-south). Such correlograms are called directional correlograms 
(Oden and Sokal, 1986). 

 
The distance at which the spatial correlogram crosses the imaginary axis of absence of 

spatial autocorrelation (I=0 for Moran’s I) and the sign of the value changes from positive to 
negative is considered the mean patch size of the spatial pattern under study. However, 
before the details of a spatial correlogram can be interpreted, its overall significance must be 
tested. To be significant at least one of the values needs to be smaller than the probability 
level considered. This probability level needs to be adjusted to correct for the lack of 
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independence among the autocorrelation coefficients computed at various distance classes, 
which is typically achieved by using the Bonferroni procedure. The Bonferroni correction 
divides the probability level at which to test the significance by dividing α by the number of 
distance classes k (e.g. for 10 classes and α=0.05, the new probability level would be 
α’=0.005). 
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How do various silvicultural practices for cone and timber production affect Stone 
pine structural diversity? (manuscript) 
Ignacio Barbeito, Rafael Calama, Fernando Montes and Isabel Cañellas 

O1. Influence of environmental heterogeneity         SPECIFIC 
OBJECTIVES O2. Influence of silvicultural interventions              X 
 O3. Importance of spatial scale      X 
 O4. Adaptation or development of methodology     
 O5. Guidelines for management        X 
DATA   
Study area • Stone pine (Pinus pinea L.) stands in Valladolid (Northern 

Plateau of Spain) and Ávila (Central Spain). 

Field data • Network of Stone pine permanent sample plots initially 
developed for growth and yield models. 

• Spatial data: 
• Overstory tree x-y coordinates. 
• Tree crowns spatial pattern. 

Sample size &  
spatial scale  

• 103 even-aged circular plots of variable size, including the 
closest 20 trees to the plot centre with DBH ≥ 5 cm.  

• Four uneven multi-aged circular plots of variable size, 
including the closest 20 trees to the plot centre with DBH ≥ 
5 cm.  

• Two even-aged plots and two uneven-aged plots (of the 
same characteristics as the ones above) without silvicultural 
interventions in the last 20 years. 

DATA ANALYSIS   
Explained variables • Structural diversity. 

Independent variables • Adult tree position, DBH, height, crown attributes. 
• Stand development. 
• Stand density index. 
• Site index. 

Analysis • Structural diversity indices. 
• Linear regression. 

MAIN FINDINGS   
 • The higher diversity in the uneven-aged stands supports the 

shift towards uneven-aged management in Stone pine 
stands. 

• Even-aged stands showed a great homogeneity under a wide 
range of conditions and with independence of their focus on 
cone, timber or mixed production. This homogeneity was 
related to thinning from below at very early ages. 

• Whole-stand metrics appear to be more informative than 
neighbourhood indices in very homogeneous open stands 
such as the ones studied for Stone pine. 
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5. How do various silvicultural practices for cone and timber 

productions affect Stone pine structural diversity? 

5.1 Abstract 

Since management is increasingly including within its objectives enhancing the diversity of 

forests, it is important to improve our understanding on the effect that manipulating stand 

structure has on the structural diversity. In Stone pine (Pinus pinea L.) even-aged managed 

stands different thinning schedules are applied to favour edible pine nuts production, timber 

production or both. This paper attempts to address the effect that these silvicultural practices 

have on Stone pine forests structural diversity by using data from a forest inventory on a 

regional scale. Moreover, the effect of uneven-aged silviculture and of stopping management 

in even-aged and uneven-aged stands was explored. We applied metrics that incorporated 

spatial arrangement, vertical diversity and size differentiation. We included crown attributes in 

the indices calculation, although there was no significant gain in structural information. 

Whole-stand metrics appeared to be more informative than neighbourhood indices in very 

homogeneous open stands such as the ones studied for Stone pine. Even-aged stands were 

very homogeneous under the wide range of conditions examined with independence of their 

focus on pine nut, timber or mixed production as a consequence of low thinning at early 

ages. Nevertheless, structural development in even-aged Stone pine stands was characterized 

by a tendency towards a slight decrease in vertical diversity. Structural indices were higher in 

the uneven-aged stands, with a tendency towards forming two-storied stands with one layer 

occupied by the old large cone producing trees and the other layer occupied by the rest of the 

trees in the stand. Regeneration underneath these large trees and in the available gaps will 

increasingly contribute to the structural complexity as was observed for the uneven-aged 

stands without silvicultural interventions in the last 20 years. This suggests that a shift 

towards uneven-aged stands or towards leaving a certain number of large cone producing 

residual trees per hectare in even-aged stands is necessary to increase structural diversity in 

Stone pine stands. 

 

 

Keywords: structural diversity; cone production; forest inventory; thinning; crown; Pinus 

pinea. 

 

 107



CHAPTER 5: EFFECT OF SILVICULTURE FOR CONE AND TIMBER ON STONE PINE DIVERSITY____                            
 

5.2 Introduction 

Current forest management is increasingly including within its objectives enhancing the 

diversity of forests in species and structures. A great variety of different structural attributes 

would provide the resources for a large variety of habitats for different species. Thus, 

structural diversity of live trees could be a better indicator of forest diversity than key species 

or groups of species (McElhinny et al., 2005). However, in managed forests the reduction of 

structural heterogeneity through silvicultural interventions would likely reduce the diversity of 

herbaceous plants (Rixen et al., 2007), birds (Shirley, 2004) or small mammals (Fuller et al., 

2004). Therefore, the challenge is to develop silvicultural systems that allow extraction of 

timber or other products and regeneration of the desired species in an economically viable 

manner while minimizing adverse effects on forest diversity (e.g. Kerr, 1999; Berger and 

Puettmann, 1999). In most European forests structural diversity gains a high importance 

because of the low diversity in tree species (Neumann and Starlinger, 2001; Montes et al., 

2004). In order to achieve the conversion into more structurally diverse stands, forest 

managers require clear targets to make well-informed decisions (Kerr, 1999; Lähde et al., 

2002; Kint, 2005). However, in central and southern Europe little is known about the natural 

long-term development of forests because they have been influenced heavily by humans for 

centuries, so there are very few areas with a history of little or no management (Peterken 

1996, Wolf 2002). Nevertheless, data from stands where management has been stopped 

(Kint, 2005; Heiri et al., 2009) or from mixedwood stands (which may be more structurally 

diverse because of the different growth rates and regeneration mechanisms of the species; 

Brassard et al., 2008) can be used as reference values.  

Stone pine (Pinus pinea L.) is a typical Mediterranean species, occupying more than 

400.000 ha in Spain, both inland and in coastal regions. Main objectives in management aim 

to combine two main commercial productions, timber and edible pine nuts with other 

aspects such as biodiversity, soil protection, recreational use or CO2 fixation. Stone pine 

stands have been typically managed as even-aged stands, with a uniform shelterwood system 

as the regeneration method, and rotation length around 120 years. Three types of stand 

classes can be differentiated within even-aged stands depending on the commercial product 

objective: (1) Cone production: three heavy low thinnings are performed from year 20 to 

years 45-50. Density at this age will be then similar to the density at the end of the rotation 

length, which is 80-120 stems ha-1. This way, crown development and cone production will 
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be favoured; (2) Mixed cone and timber production: three moderately heavy low thinnings 

are performed from year 20 to years 45-50, leaving densities at this ages that are similar to the 

density at the end of rotation length, which are 120-180 stems ha-1; and (3) Timber 

production: light low thinning is performed until year 60. Densities at the end of rotation 

length are 200-250 stems ha-1. Rotation length is about 80 years, typically shorter than for 

cone production or mixed cone and timber production. However, the preservation of old 

large cone producing trees together with other factors such as goat grazing and advanced 

recruitment in forest gaps has sometimes resulted in multi-aged complex structures (see 

Calama et al., 2008b for a detailed description on uneven-aged silviculture in Stone pine 

stands). Uneven multi-aged managed stands are focused on cone production. They have a 

higher landscape and recreational value than even-aged stands. Selective cuttings are 

performed every 25 years extracting about 100-150 stems ha-1 between all the diameter 

classes. Although certain aspects of Stone pine managed stands have been extensively studied 

over the last years, such as cone production (e.g. Mutke et al., 2005; Calama et al. 2008a), there 

are still no studies available on the effect that applying different silvicultural methods 

(sometimes with a focus on different commercial products) has on Stone pine structural 

diversity.  

Sampling for diversity indices has been usually addressed at the stand level, i.e., sampling 

designs have been tested for their reliability and accuracy in describing the species or 

structural diversity of individual stands. The use of strategic forest management inventories 

(which typically consist of many but small plots) for the assessment of structural diversity has 

been seldom used (Montes et al., 2005; Sterba et al., 2008). Studies in Mediterranean forests 

are no exception, and have mainly focused so far on evaluating the impact of thinning on the 

structural diversity at a particular forest stand (Crecente-Campo et al., 2009; Barbeito et al., 

2009). Therefore, conclusions on the effects of silvicultural interventions on structural 

diversity are typically based on site-specific successional processes and often on peculiar 

management histories. Although spatial data are increasingly being collected to study forest 

dynamics since ecologists and foresters have become aware of the importance of this 

information to understand processes and manage resources, spatial information is still 

expensive to collect. Thus, it is interesting to investigate the potential of strategic forest 

management inventories which are commonly carried out to calculate growth and yield for 

deriving stand structural features. Diversity indices calculated on forest inventory data are 

meaningful (Sterba, 2008; Ruprecht et al., 2009). One advantage is that they allow exploring a 
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wider range of initial stand conditions within different silvicultural systems, which could help 

to distinguish between those responses that are unavoidable consequences of a given level or 

pattern of harvesting and those that can be mitigated by modifying harvesting operations or 

post-harvest treatments (Maguire et al., 2007). However, drawbacks of this kind of sampling 

are: (1) the number of trees within one sample is small and therefore the accuracy achieved 

does not allow interpreting structural diversity indices as an estimate of the whole 

management unit (Barbeito et al., 2009; Zenner and Peck, 2009); (2) methods that offer the 

advantage of providing information at different scales when fully mapped stands are available 

such as Ripley’s K or marked point processes can not be used (e.g. Getzin et al., 2008; Montes 

et al., 2008); and (3) the small number of trees within one sample prevents the evaluation of 

certain indices such as the STVI (Staudhammer and LeMay, 2001) which relate the standard 

deviation to the variance of a uniform distribution and to that of a distribution which is 

maximally bimodal (Sterba, 2008).   

Although diversity measures should be ideally efficiently assessed with a minimum of 

additional measurements, tree parameters such as height and diameter are not always 

sufficient to describe the spatial structure of a stand with respect to forest dynamics and 

regeneration processes because the availability of resources like water and radiation strongly 

depends on the canopy structure. This might be especially important when large variations 

exist in the size and eccentricity of the crowns, as in the case with Stone pine (Barbeito et al., 

2008). An obvious disadvantage is that in order to introduce crown attributes, diameters must 

be measured, which demands a greater investment of sampling effort and cost. However, 

previous studies have shown that crown information is useful to understand intra- and inter-

specific interaction (Wälder and Wälder, 2007; Getzin et al., 2008) and succesional changes 

(Montes et al., 2004).  

The main objectives of this study were: (1) to characterize the relationship of structural 

diversity in Stone pine even-aged managed stands with descriptors of developmental stage, 

site quality and different thinning schedules related to various commercial product objectives, 

at a regional scale; and (2) to compare structural diversity in even-aged and uneven-aged 

managed stands. We studied several general aspects of stand structure including vertical 

complexity and horizontal heterogeneity. We hypothesized that with increasing age in even-

aged stands: (a) vertical diversity would decrease, and (b) stands would show a tendency 

towards a regular spatial pattern. To place these stands in a landscape context we contrasted 
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them with even-aged and uneven-aged stands where management stopped some years ago 

and are nowadays following a natural succesional dynamic, which we expected to be more 

structurally diverse than the respective managed ones. Regarding the adequacy of the metrics 

used we expected that structural metrics incorporating crown parameters would result in 

additional information on the diversity of the stands studied. Our final aim was that by 

understanding better the impact of silvicultural decisions on stand structure we would be able 

to help managers select appropriate strategies for increasing structural diversity. 

5.3 Material and methods 

5.3.1 Study area and natural unit classification 

This study was carried out within the public forests of the Northern Plateau, where Stone 

pine stands cover a wide area of 50,000 hectares, mainly in the province of Valladolid (Fig. 

5.1). Gordo (2004) proposed an ecological stratification of even-aged Stone pine forests into 

10 groups or ‘natural units’ based on soil attributes (origin, main texture, water retention), as 

well as physiographic (altitude and position with respect to the drainage basin) and climatic 

(rainfall and temperature) factors (Table 5.1). Because no data from uneven-aged stands 

without silvicultural interventions in the last  years where available from the Northern 

Plateau, we had to use data from the Central Range in Spain to characterize this structural 

class (Fig. 5.1).  
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Fig. 5.1. Study area and plot locations in the Northern Plateau of the even-aged stands (EV), the uneven-aged 
stands (UV) and the even-aged stands where management has stopped (EVws).  The red triangle in the map of 
Spain represents the location of the two uneven-aged stands where management has stopped (UVws). 
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Table 5.1.  Main characteristics for the natural units within the Northern Plateau. SI is site index, as stated by 
Calama et al. (2003); N.A. no available data; * includes two uneven-aged plots (UV); ** includes two even-aged 
plots where management has stopped. 

Unit Name Altitude Annual SI Geology and Soil origin Water Num
(m) rainfall (m) texture retention of plots

(mm) (mm)

1 Torozos 847 535 14.0 Limestone-Marl Tertiary sediments N.A. 2

2 Limestone plain W 845 485 14.9 Limestone-Marl Tertiary sediments 200 19

3 Limestone plain E* 854 488 14.4 Limestone-Marl Tertiary sediments 200 10
4 Valladolid* 687 374 13.1 Quartz sands Wind deposits N.A. 17

5 Nava del Rey 710 370 11.8 Quartzticic gravels Wind deposits 100 4

6 Viana de Cega** 707 369 15.1 Quartz sands Wind deposits 80-150 10

7 Iscar 745 380 16.7 Quartz sands-Clays Alluvial-wind >300 9

8 Medina 746 371 12.5 Quartz sands Wind deposits 75-130 12

9 Tudela de Duero 712 392 12.6 Quartz sands Wind deposits 100 8
10 River terraces 688 374 16.8 Alluvial meadow soils Alluvial deposits 150-300 18

ber 

 

The orography of this region is mountainous, contrasting with the flat areas of the 

Northern Plateau. For this reason, the difficulty of logging and extracting timber has 

traditionally led to complex multi-aged structures. 

5.3.2 Data collection 

Data were gathered within the Northern Plateau and the Central Range (Fig. 5.1) from: 

1. 103 experimental plots in even-aged Stone pine stands (EV) which were initially 

installed with the purpose of developing growth and yield models for the species. The 

criteria for choosing the plots was including a balanced representation of age, site 

quality, density classes and different silvicultural practices regarding the final 

commercial product (timber production, cone production or both; Fig. 5.2).  

2. Four plots in uneven multi-aged stands (UV; Fig. 5.3). 

3. Two plots in even-aged stands without silvicultural interventions in the last 20 years 

(EVws). 

4. Two plots in uneven-aged stands without silvicultural interventions in the last 20 years 

as well (UVws).  
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Fig. 5.2. Examples of forest structure for a Stone pine forest managed for cone production (a-young stand, b-
old stand) and for timber production (c-young stand; d-old stand). 

All the plots were circular, of variable size, including the closest 20 trees to the plot centre 

with diameter at breast height (DBH) greater than 5 cm. For each plot, multiple measures 

were obtained. All the pine trees were mapped (i.e. x-y coordinates), and total height, DBH, 

height to crown base and two perpendicular crown diameters were recorded for each tree 

(Table 5.1). 

 

 

 

 

 

 

Fig. 5.3. Uneven-aged managed Stone pine stand in the Northern Plateau (UV). 
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5.3.3 Quantification of stand structural diversity  

Quantification of forest stand structure describing spatial pattern arrangement and tree-

size variability was performed for each plot using five structural diversity indices (see 

analytical expressions in Table 5.2). We calculated several spatially explicit and inexplicit 

indices which include or not canopy features in the calculation of the index. Moreover, some 

indices analyze the whole stand pattern while others focus on the immediate neighbourhood 

pattern (with a structural group of four neighbours). The indices used were: 

1. Uniform angle index (UAI; Gadow, 1993): describes the degree of regularity of the 

spatial distribution of the trees nearest to a reference tree, based on the comparison 

between the angles formed by the directions from the reference tree with the 

immediate neighbours. In a case of a four-tree sample the expected angle under a 

complete random distribution would be 72 degrees (Hui and Gadow, 2002). UAI=1 

indicates that the trees in the neighbourhood of the reference tree are clumped and 

UAI=0 indicates a regular distribution of trees. 

2. Crown overlapping index (COI): provides a measure to assess crown overlapping 

fraction, characterising the spatial structure of a stand. For each crown, the index 

evaluates the overlap with n=4 neighbours. If the tree stands completely under 

crowns of surrounding trees then COI is 1, and for a solitary tree without any crown 

overlap COI is 0. 

3. Coefficient of height variation (CV): quantifies tree size heterogeneity variation in a 

stand (Varga et al., 2005). CV reaches a maximum with two-storied stands that contain 

trees with a large difference in height between the two stories (Staudhammer and 

LeMay, 2001). 

4. Foliage height diversity (FHD; MacArthur and MacArthur, 1961): provides 

information on the distribution of crowns in the vertical strata. The crowns of the 

trees are considered as ellipsoids of revolution. To calculate the index four vertical 

strata were defined constituting 0-30 %, 30-50 %, 50-80 % and 80-100 % of the 

dominant height (Ho) of each plot. Trees were assigned to one of the four strata. The 

more equally the crowns are distributed by height strata the higher is the FHD value. 
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Table 5.2.  List of stand structure indices used in this study. 

Index Canopy features Formula Explanation

Uniform angle index no

Crown overlapping yes

Coefficient of variation no
      

Foliage height diversity yes

Differentiation index no

N = 4 nearest neighbours (UAI and T N )
n = number of trees in the stand (CV , COI , TN  and FHD )
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5. Height, diameter and crown length differentiation indices (TH4, TD4, TC4; Füldner, 

1995): measure the degree of dissimilarity of size between neighbouring trees. 

Differentiation indices vary between 0 and 1, with high values indicating variation in 

diameter or height between a structural group of neighbouring trees (n=4 in our case) 

and values close to 0 indicating that the neighbours are very similar sized. 

The neighbourhood indices (UAI, TD4, TH4 and TC4) were calculated with the ‘Crancod’ 

software package (Pommerening, 2005). The NN1 technique was employed to adjust edge 

effects for structural indices (Pommerening and Stoyan, 2006). This technique considers a 

variable buffer zone around the edge of the plot, with a width equal to the distance to the nth 

nearest neighbour. 

5.3.4 Structural trends in even-aged stands 

We used linear regression analysis (Neter et al., 1996) to examine whether structural 

diversity in even-aged stands showed a significant trend in relation to certain plot variables. 

Although the course of structural development can in reality be non-linear, our intention was 

just to indicate development trends of the structural diversity indices, so we assumed a linear 

trend for each structural index. For the six structural indices calculated for each sample plot 

we analysed trends with the following explanatory variables: (1) SDI: Reineke’s stand density 

index (Reineke, 1933), (2) Age: stand age in years, and (3) SI: site index (as in Calama et al., 

2003). All calculations and graphs for the linear regression model were performed using the R 
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environment (R Development Core Team 2008). Structural trends were visualized by plotting 

the structural index against the explanatory variables. 

5.4 Results 

5.4.1 Distribution of the structural indices in structural classes 

Within the even-aged plots the values of all indices were independent from the natural 

unit (EV1 to EV10; Fig. 5.4). The hypothesis that structural indices would be higher in the 

even-aged and uneven-aged stands without silvicultural interventions was only true for the 

latter (Fig. 5.4). In general, including crown parameters in the indices did not result in a 

significant gain of information, as we can observe with FHD (versus CV) and with TC4 

(versus TH4 and TD4). 

The highest values for the vertical structure indices FHD, CV and TH4 corresponded to 

the uneven-aged plots (UV and UVws; Fig. 5.4). The increase in the order of magnitude of 

FHD from the even-aged plots (EV and EVws) to UV, and from the latter to UVws, was 

very small compared to the increase in CV values (Table 5.3). CV ranged from very low 

(mean value of 10.11 for EV; very homogeneous) to very high (mean value of 80.40 in 

UVws), indicating a tendency towards two-storied stands, with one layer occupied by the old 

cone producing trees and the other layer occupied by the rest of the trees of the stand. 

Differentiation values (TD4, TH4 and TC4) for the structural group of four indicated small 

differentiation [average relative difference in the analysed variables (height, diameter and 

crown length) between neighbouring trees lower than 40 per cent in all cases, Table 5.3]. 

Nevertheless, a trend towards a rising differentiated neighbourhood in the uneven-aged 

stands (UV and UVws) was also observed for these indices (Fig. 5.4).  

Table 5.3.  Distribution of the diversity measures in the four structural classes considered: even-aged (EV), 
uneven-aged (UV), even-aged where management has stopped (EVws), and uneven-aged where management 
has stopped (UVwS); with n, number of plots; CV, coefficient of variation; FHD, foliage height diversity index; 
TH4, TD4 and TC4 are height, diameter and crown lenght differentiation indices respectively; UAI, uniform 
angle index; and COI, crown overlapping index. 

Stand class  n CV FHD TH4 TD4 TCI4 UAI COI

EV 103 10.11 (3.19) 0.83 (0.08) 0.11 (0.04) 0.13 (0.04) 0.15 (0.06) 0.41 (0.08) 0.58 (0.28)

EV S 2 16.42 (8.98) 0.75 (0.05) 0.14 (0.03) 0.15 (0.02) 0.21 (0.01) 0.37 (0.02) 0.78 (0.03)

UV 4 36.95 (8.09) 0.93 (0.08) 0.33 (0.10) 0.36 (0.18) 0.25 (0.13) 0.45 (0.05) 0.39 (0.18)

UV S 2 80.40 (2.54) 1.05 (0.01) 0.27 (0.01) 0.28 (0.04) 0.28 (0.08) 0.39 (0.04) 0.21 (0.08)
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Fig. 5.4. Box plots representing foliage height differentiation (FHD), coefficient of variation (CV) and height 
differentiation (TH4) by Stone pine stand classes in: even-aged stands (EV1-EV10, with 1 to 10 being the 
natural units), uneven-aged managed stands (UV), even-aged stands where management has stopped (EVws) 
and uneven-aged stands where management has stopped (UVws).  

Mean TC4, values were of the same order of magnitude of TH4 and TD4 indicating that 

there was no gain in structural information by including crown attributes. Gadow’s uniform 

angle index showed a random pattern for the four structural classes considered (mean values 

between 0.33 and 0.66, Table 5.3). Despite the similarity in mean spatial arrangement, there 

was a considerable variation within even-aged plots, with around 10 per cent of the plots 

presenting a regular pattern (mean values below 0.33) within the EV structural class, whereas 

the EVws  plots always showed a random pattern. The differences among treatments on the 

spatial pattern were more evident when comparing the crown overlap index for the different 
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stand classes. Crown overlapping ranged from an almost complete situation in EVws (mean 

value of 0.78) to a very small crown overlap in UVws , and  intermediate values in EV and 

UV (Table 5.3).  

5.4.2 Structural trends in even-aged stands  

In general, trends of diversity indices across stand ages were not very pronounced. While 

CV, FHD and TH4 provided a pattern of decreasing diversity with increasing age (Fig. 5.5), 

CV and FHD were most discriminating (p<0.05). Differentiation showed a non-significant 

trend with increasing age for height, diameter and crown length. A tendency towards a 

regular pattern with increasing age was not evident, and the pattern did not deviate from 

randomness with stand development (not shown). Moreover, a slight decrease with increasing 

stand density index (SDI) was observed for CV (p<0.01) and TH4 (Fig. 5.6). FHD showed a 

slight (non-significant) layering increase with increasing SDI (Fig. 5.6). No trends were found 

for any of the indices regarding site index variation (SI). 
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Fig. 5.5 Structural trends for FHD, CV and TH4 with stand development in the 103 even-aged stands. 
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Fig. 5.6 Structural trends for FHD, CV and TH4 with SDI variation in the 103 even-aged stands. 

 

5.5 Discussion 

Results supported our hypothesis that uneven-aged stands are more structurally diverse 

than even-aged stands. This agrees with most studies that have compared the effect of even-

aged and uneven-aged management strategies on diversity (Coates and Steventon, 1995; 

Jaehne and Dohrenbush, 1997; Barbeito et al., 2009b). Uneven-aged stands (UV) become 

two-layered as old large cone producing trees are left in the stand. Regeneration underneath 

these large trees and in the available gaps (which are more frequent in these stands as 

indicated by the low COI values) will increasingly contribute to the structural complexity as 

can be seen in the stands without silvicultural interventions (UVws). In the contrary, there 

was almost no increase of diversity in even-aged stands without silvicultural interventions. 

This could be related to the problems that even-aged stands have to regenerate (Barbeito et 

al., 2008), and therefore to create new groups of trees that contribute to the overall diversity 

of the stand. The higher diversity found in the uneven-aged stands supports the 

recommendation of a shift towards uneven-aged management in Stone pine stands (Barbeito 

et al., 2008). 

As we expected, thinning from below led to a more homogeneous stand (Aguirre et al., 

1998). However, stand structure was already very homogenous in Stone pine stands in very 

early stages as a consequence of the low thinnings performed between ages 20 and 40 (or 60 

in some cases). Therefore, the decrease in vertical diversity was weaker than observed for 
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other more heterogeneous stands in Mediterranean ecosystems (Quercus pyrenaica and Quercus 

faginea, Montes et al., 2004; Pinus sylvestris, Barbeito et al., 2009). Moreover, diversity changed in 

different ways with increasing age or density depending on the index used to measure 

diversity (Varga et al., 2005). Neighbourhood indices (TH4, TD4 and TC4) did not effectively 

differentiate trends along stand development, which were better differentiated with whole-

stand indices (CV and FHD). The results of this study suggest that in very open and regular 

stands such as the ones studied, neighbourhood indices reflect worse stand condition than 

the respective whole–stand ones. With the relatively wide range of conditions explored we 

would expect structural diversity to differ in response to the given site conditions (Gracia and 

Retana, 1996). However stand development stage played a more critical role than site 

condition in structural diversity variation (Fiala et al., 2006) 

Operationally, the results of the study do not support including crown attributes in the 

inventories with the only purpose of calculating structural indices, as the gain in structural 

information is not very big in comparison to the high inventory cost of additional crown 

measurements. However, crowns have been found critical at small scales for describing 

processes such as regeneration (Barbeito et al., 2008) or competition (Getzin et al., 2008). 

Moreover, recent developments on several techniques such as photo-interpretation and 

hemispherical images stereo-analysis allow us to derive more precise measurements of crown 

dimensions (Getzin et al., 2008; Herrera et al., 2009) and hold promise in making these kind of 

data increasingly available. 

When managing forests for both ecological and economic goals, silviculturalists require a 

comprehensive understanding of natural stand development (Franklin et al., 2002). The 

results of the current study emphasise the potential high structural diversity in uneven-aged 

stands and the great homogeneity in even-aged stands under a wide range of conditions and 

with independence of the different thinning intensity for cone, timber or mixed production. 

Whole-stand metrics such as FHD and especially CV appear to be more informative than 

neighbourhood indices in very homogeneous open stands such as the ones studied for Stone 

pine. 
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Based on: 
Evaluation the behaviour of vertical structure indices in Scots pine forests (2009). 
Annals of Forest Science 66, 710. 
Ignacio Barbeito, Isabel Cañellas and Fernando Montes 

O1. Influence of environmental heterogeneity         SPECIFIC 
OBJECTIVES O2. Influence of silvicultural interventions              X 
 O3. Importance of spatial scale      X 
 O4. Adaptation or development of methodology    X 
 O5. Guidelines for management        X 
DATA   
Study area • Scots pine (Pinus sylvestris L.) stands in Valsaín and Navafría 

forests, in the Central Mountain Range of Spain. 

Field data • INIA network of Scots pine permanent sample plots (PSP). 

• Spatial data: 

• Overstory tree x-y coordinates. 

• Regeneration positioned on a 2 m x 2 m grid. 

Sample size &  
spatial scale  

• Six 0.5 ha plots covering the rotation length in an even-aged 
stand in Valsaín (1-20 years to 101-120 years). 

• Five 0.5 ha plots covering the rotation length in an even-
aged stand in Navafría (1-20 years to 81-100 years). 

• Two 0.5 ha plots near the lower and upper elevation limits 
of Scots pine growth spectrum in Valsaín. 

DATA ANALYSIS   
Explained variables • Vertical structure diversity. 

Independent variables • Adult tree position, DBH, height. 

• Stand developmental age 

Analysis • Spatially explicit indices of vertical diversity. 

• Non-spatially explicit indices of vertical diversity. 

• Correlation analysis. 

• Bias and RMSE statistics. 

MAIN FINDINGS   
 • We devised a new index for evaluating vertical structure: the 

square root index (SQRI). 

 • Thinning from below accounted for the decrease of vertical 
structure diversity in even-aged stands. 

• Promoting longer regeneration periods would increase 
structural diversity throughout the whole rotation. 
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6. Evaluation the behaviour of vertical structure indices in Scots 

pine forests 

6.1 Abstract 

Stand structure indices would appear to be good surrogate measures for biodiversity in 

forest ecosystems. The vertical structure of Pinus sylvestris stands in Central Spain was analysed 

in order to evaluate their structural diversity. A comparison between two forests with similar 

ecological conditions but managed under different silvicultural systems was conducted in 

order to analyse changes in diversity at different stages of stand development. Height 

diversity was quantified using two non-spatially explicit indices (Shannon’s index and STVI) 

and two spatially explicit indices (Gadow’s differentiation index and the Structure complexity 

index). A new diversity index was then proposed, based on the sum of square roots of 

heights differences (SQRI). Correlations between all vertical structure indices were highly 

significant. All indices showed that height diversity was greater in the forest with the longer 

regeneration period and where less intensive thinnings were applied throughout the rotation. 

Diversity was highest in uneven-aged stands and in the period between the regeneration stage 

and the first thinning. Thinning from below accounted for the decrease in vertical structure 

complexity throughout the rotation in even-aged stands. The results show that height 

distribution along with succesional stage enhance the analysis of vertical diversity since 

structural complexity is highly related to the silvicultural practices that are carried out at 

different ages. 

 

 

Keywords: diversity index; height distribution; spatial heterogeneity; stand structure. 
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6.2 Introduction 

One of the challenges in forest planning today is understanding how current management 

affects biodiversity. Structural diversity indices of a stand may be used to quantify 

biodiversity. Vertical and horizontal positioning, mixture, and age distribution have been 

shown to affect avian, insect and herbaceous plant diversity (Berger and Puettmann, 2000; 

Degraaf et al., 1998; MacArthur and MacArthur, 1961; Moen and Gutiérrez, 1997; Recher et 

al., 1996) and thus structural diversity can be used to indicate overall species diversity (Kint et 

al., 2000). Furthermore, stand structural diversity offers the advantage of being more easily 

measurable in the field compared to species diversity. The vertical structure of forest 

ecosystems depends on the intra and inter-specific competition, shade tolerances of species, 

site conditions and disturbance regimes, and its use in quantifying forest biodiversity is widely 

acknowledged (MacArthur and MacArthur, 1961; North et al., 1999). Similarly, spatial pattern 

has been extensively studied in plant ecology because it reflects underlying biological 

processes such as reproductive and dispersal behaviour, competition, response to the 

environment, disturbance and site history (Dale, 1999; Miller et al., 2002), giving insights into 

species ecology. 

A variety of spatial diversity indices have been increasingly used to compare alternative 

management approaches (Neumann and Starlinger, 2001). One of the most widely used 

methods to assess the vertical structure diversity consists of calculating the Shannon index 

(Shannon, 1949) with the foliage distribution in vertical strata (foliage height diversity index, 

FHD) (MacArthur and MacArthur, 1961). The FHD requires a specific sampling method to 

asses the vertical arrangement of the vegetal layers (Ferris-Kaan et al., 1998), which may not 

be a straight-forward process if these layers are not well defined. Some authors have 

employed the Shannon diversity index using diameter or height classes (Buongiorno et al., 

1994; Staudhammer and LeMay, 2001). However, the choice of classes greatly influences the 

FHD value; therefore other methods have been developed. Diversity indices based on the 

variance, for example STVI (Staudhammer and LeMay, 2001) seem to be preferable for 

continuous variables such as tree height. Methods that include data on tree position to 

characterize the vertical diversity at micro-scale level have also been proposed including 

Gadow’s differentiation index (Gadow, 1993; Gadow and Hui 1999), which extends the 

nearest neighbour methods to the vertical structure analysis, and the structure complexity 

index (SCI) constructed by Zenner and Hibbs (2000), based on the distance between the tops 
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of neighbouring trees. Choosing the right scale at which to calculate these indices is 

important and must always be taken into account when interpreting the results. 

Much of the recent research has focused on the study of stand structure in managed 

forests (Kuuluvainen et al., 1996; Ferris-Kaan et al., 1998; Grassi et al., 2004), although this 

area of study has not been adequately explored in Mediterranean forests. Silvicultural 

treatments are a key factor in stand structure (Franklin et al., 2002; Montes et al., 2005). 

Heterogeneity and complexity are often greater in natural stands than in managed ones 

(Hansen et al., 1991; Swanson and Franklin, 1992), and this has implications for species 

habitat availability. Scots pine (Pinus sylvestris L.) is a boreal forest species that covers 

approximately 28 million ha in Europe and north-west Asia (Mason and Alía, 2000) and at 

the Southern limit of its distribution area can be found in Mediterranean mountain systems. 

Because of its broad distribution and importance in the timber industry, it is a very useful 

species for comparing regions in the Northern Hemisphere. 

The primary aims of our study were: (1) to characterize the vertical structure of Scots pine 

stands at different stages in their development and the altitudinal gradient of the species 

occurrence through height complexity measures; (2) to evaluate a new index comparing 

vertical forest structure; and (3) to test two hypotheses: (a) uneven-aged stands display greater 

structural diversity than the respective even-aged stands, and (b) stand structure diversity 

within the even-aged stands is related to the silvicultural system employed and to the 

developmental stage. 

6.3 Material and methods 

6.3.1 Experimental site and data collection 

The data in this study are from two managed Scots pine forests, Pinar de Valsaín and 

Pinar de Navafría, located on the Northern slopes of the Sierra de Guadarrama, in the central 

mountain range in Spain. The altitude of both Scots pine forests ranges from approximately 

1200 to 2200 m, and the altitudinal position of the timberline is around 1800 m in both 

forests. Annual rainfall exceeds 730 mm and mean annual temperature is around 9.9 ºC. 

These mountains are composed of granite and gneiss, with fairly homogeneous soils 

throughout the pinewoods, being predominantly humic cambisol type soils or leptosols at the 

higher sites (Forteza et al., 1988). Site index of these stands ranges between 21.4 and 29.9 m 

(Montes et al., 2007). 
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The management plans of both forests date from the end of the 19th century although 

there are certain differences between the two such as the regeneration periods considered, the 

thinning intensities and whether the herbaceous layer was removed to enhance regeneration. 

Today, the uniform shelterwood system is used in Navafría and group shelterwood system is 

applied in Valsaín. These methods are applied with the objective of inducing natural 

regeneration and artificial regeneration is only employed in exceptional circumstances as a 

supplementary measure or aid. The existing stand is gradually removed so that tree seedlings 

become established under the protection of the older trees (Loftis, 1990).  In Valsaín the 

mature crop is gradually felled over a 40-year period while in Navafría this period is only 20 

years with soil preparation being required to obtain natural regeneration. Thinning is always 

from below (removing subcanopy trees) or mixed (removing dominated and co-dominant 

trees) and the intensity is moderate. Such thinning is not normally initiated until the stand is 

between 20 and 40 years old, at which point, up to 40% of the basal area is removed without 

causing a loss in productivity.  

Some areas of Valsaín forest are managed, uneven-aged stands, where selective cuttings 

are performed to remove large as well as damaged and diseased trees. This silvicultural system 

is employed in certain areas with low timber production (0.5 to 1.5 m3ha-1year-1), on south-

facing hillsides or zones that are exposed to wind and where poor soils complicate natural 

regeneration. Stands at altitudes over 1600 m are also frequently managed under the same 

system because of the risk of wind and snow damage. 

Five rectangular permanent sample plots were established at Navafría and eight in Valsaín 

(Table 6.1). All of the plots were the same size (0.5 ha) enabling meaningful comparisons to 

be made regarding their structural diversity. These pure Scots pine plots include all the age 

classes which currently exist in the forests, which in the case of Navafria (where rotation 

length is 100 years and the regeneration period is 20 years) include age classes from 1-20 years 

up to 81-100. In Valsain (where rotation length is 120 years and the regeneration period is 40 

years) the age classes include: 1-20 years, with sparse parent tree presence (plot V1) up to 

101-120.  
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Table 6.1. Stand level variables in the experimental plots (extent 0.5 ha) in Navafría forest (N1, N2, N3, N4 and 
N5) and Valsaín forest (V1, V2, V3, V4, V5, V6, V7 and V8): Plot size (m×m); Age class (years); N ≥ 7.5 cm and 
N < 7.5 cm, tree with DBH ≥ 7.5 cm and DBH < 7.5 cm number per ha respectively with DBH being mean 
diameter at breast height (cm) of tree; BA, basal area (m2ha-1); H, mean tree height (m) of the plot ± standard 
deviation; Hmax, maximum tree height of the plot; Hmin, minimum tree height of the plot. 

Study site Stand Plot size Age class Ν  ≥7.5 cm N  <7.5cm BA H H max H min
N1 70.7×70.7 1-20 0 6522 27.8 5.9 ± 1.4 10.2 1.7
N2 110×45.5 21-40 2460 0 41.8 12 ±1.2 17 5.6
N3 70.7×70.7 41-60 680 0 60.6 22.0 ± 2.8 28.9 6.2
N4 70.7×70.7 61-80 364 0 48.2 20.4 ± 1.5 25.1 16.4
N5 70.7×70.7 81-100 304 0 44.2 22.1± 2 31 16.7
V1 100×50 ene-20 584 7468 34.4 3.8 ± 3.6 29.9 0.7
V2 85×58.8 21-40 1668 936 41 11.3 ± 4.9 27.6 1.4
V3 100×50 41-60 1322 0 48.5 16.4 ± 2.8 23.2 4.4
V4 100×50 61-80 686 0 53.3 23.5 ± 2.0 28.8 16
V5 70.7×70.7 81-100 550 0 54 22.2 ± 2.6 29.9 16.6
V6 100×50 101-120 334 318 41.4 10.7 ± 10.9 30.9 1.3
V7 70.7×70.7 Uneven 608 964 25.2 5.9 ± 5.2 24.3 1.3
V8 100×50 Uneven 578 244 22.7 8.0 ± 4.2 19.5 1.4

Navafría

Valsaín

 

Two plots, V7 and V8, were situated near the lower and upper elevation limits of the 

Scots pine growth spectrum in the Valsain forest. Plot V7 was located at 1300 m, where Scots 

pine was mixed with Pyrenean oak (Quercus pyrenaica Willd). Plot (V8) was located at 1700 m 

near the altitudinal upper limit of Scots pine distribution in the central mountain range of 

Spain, where the stands are characterised by low tree density, a high protection factor and 

where the pinewood is gradually replaced by alpine shrubs (Juniperus comunis L. ssp. alpina and 

Cytisus oromediterraneous Rivas-Martínez). 

The diameter at breast height (DBH) and height (H) were measured for all trees and the 

species identity was recorded for each. The stand variables calculated for each plot are 

presented in Table 6.1. The position of all trees with DBH> 7.5 cm were stem mapped while 

the positions of saplings (DBH below 7.5 cm) were assigned to a 2 x 2 m2 area (without exact 

coordinates) within a 2 x 2 m2 grid placed over the plots. 

6.3.2 Vertical structure analysis 

6.3.2.1 Non-spatially explicit indices of structural vertical diversity  

Vertical structure diversity of the stand was calculated using the Shannon’s index that has 

been widely used in ecological studies and has proven to be a good indicator of the structural 

complexity of the forest (Kuuluvainen et al., 1996). The relative frequency (estimated through 
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the number of trees within each height layer) can be substituted in the Shannon index for the 

proportion of basal area corresponding to each height class (Staudhammer and LeMay, 2001): 

                         [1] ∑
=

−=
s

i
ii ppH

1
ln'

where s is the number of height classes at 5 m intervals (Table 6.2) in the plot and pi is the 

proportion of the basal area per ha of the  ith height class and the total basal area.  

Height diversity was also calculated using the STVI structure index based on the variance 

of basal area per ha for height developed by Staudhammer and LeMay (2001), where the 

index for height is:    
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where  is the variance of a uniform distribution, the maximally bimodal 
distribution, and  is the sample variance.; n is the number of trees in the sample,  pj is the 
ratio between the basal area of the j
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th tree and the total basal area and Hj is the height of the jth 
tree. 

Table 6.2. Number (N) of trees per height class in the 5 meter interval classes (N(0-5m) to N(30-35m)) 
considered for the Shannon’s index calculation in the experimental plots (extent 0.5 ha) in Navafría forest (N1, 
N2, N3, N4 and N5) and Valsaín forest (V1, V2, V3, V4, V5, V6, V7 and V8). 

N1 1648 4850 24 0 0 0 0
N2 0 80 2358 22 0 0 0
N3 0 8 16 122 444 90 0
N4 0 0 0 134 222 8 0
N5 0 0 0 38 240 18 8
V1 7468 252 168 24 72 68 0
V2 362 624 920 646 44 8 0
V3 0 36 346 818 122 0 0
V4 0 0 0 40 526 120 0
V5 0 0 0 126 336 88 0
V6 308 20 0 24 172 118 10
V7 982 224 282 38 46 0 0
V8 258 286 260 48 0 0 0

Navafría

Valsaín

N(10-15m) N(15-20m) N(20-25m) N(25-30m) N(30-35m)Study site Plot N(0-5m) N(5-10m)
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The constants p1 and p2 are >0 and m is ≥1: p1 and p2 define the shape of the curve 

relating the value of the index to the sample variance while m controls the value of the index 

when the distribution is maximally bimodal (LeMay and Staudhammer, 2005). These 

constants are constrained to equal certain values so that the index gives the largest value 

when the variance is generated according to a uniform ( ). Thus, STVI is standardized to 

be (i) 0.5: when the distribution is uniform over half of the total range and when the 

distribution is bimodal with half the values being uniformly distributed over the lower 

quartile and the other half uniformly distributed over the upper quartile; (ii) 0.1: for a 

distribution where half of the values are equal to the lowest and half are equal to the highest 

(maximum variance), (see Appendix of Staudhammer and LeMay (2001) for details). To 

define the variance of a uniform distribution and of the maximally bimodal one, we must 

define the range of the distribution given by a and b. This interval has to be the same to make 

comparisons over stands. Thus, STVI was calculated using an interval from 0 (a) to 35 (b) m 

for each plot. The STVI index takes values between 0 (low diversity) and 1 (maximum 

diversity). The main advantages of STVI are: (1) it gives the largest value when the variance is 

as the uniform distribution, as with H’; (2) there is no need to define classes; (3) here it is 

used only for height, but it allows the possibility of combining STVI for height, diameter and 

other variables and then combine species-this is not the case with other indices. However, 

there are also certain disadvantages to using STVI which include: (1) the need to define 

interval limits (a,b); (2) the fact that the STVI is more difficult to calculate than the variance 

alone. 

huS 2

To obtain an index similar to the Shannon index for continuous variables, the sum of the 

square root of the absolute difference between each value and the mean would be preferable 

to the sum of squares, because the square root does not have an exponential growth as the 

value of the differences increases. Therefore, we propose the following index, based on the 

sum of the square root of the difference (SQRI): 
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                                         [3]     

where the meaning of the symbols is the same as in equation [2] 

Down-weighting larger differences by taking the square root, makes the distribution more 

similar to the natural logarithm used in Shannon index. While down-weighting did not lead to 
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a great change in the values obtained considering only the absolute value of the differences, it 

did result in better correlations with both H’ and STVI. As with STVI, there is no need to 

define classes when using SQRI. Moreover, the latter is easier to calculate than STVI and it 

gives less weight than those based on variances. The main disadvantages are, on the one 

hand, that it increases the maximum   rather than (as with STVI and H’), and on 

the other hand, that it cannot combine across species or with other variables. 

max
2

hS huS 2

6.3.2.2. Spatially explicit indices of vertical structural diversity  

The spatially explicit indices of vertical structure calculated can be used to give a picture 

of the height variability at a micro-scale, i.e. a tree and its neighbours. Gadow’s differentiation 

index (DHn) has been used to measure small-scale variability in the height size distribution. 

The DHn is given by: 

 ∑
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where DHn is the mean differentiation, N the number of trees per plot and DHns the 

differentiation index for tree s summed over T pairs of neighbours, where xmin and xmax are 

the smallest and the largest height of tree pair t. Index values are possible between 0 and 

1.Values close to 0 indicate that the neighbours are of a very similar size, whereas values close 

to 1 reflect high differentiation. In this study three neighbours were included (DH3), except 

for plot N1. In this plot, all the trees were located in 2 m x 2 m quadrats, so the 

differentiation index was calculated for all the trees within each quadrat (the mean tree 

number was 2.45 per quadrat) and averaged for the 0.5 ha plot. 

Another index used to characterize the neighbourhood height differentiation is the 

structure complexity index (SCI) developed by Zenner and Hibbs (2000), based on the 

interaction between tree height and the spatial location of trees. Points marking the top of 

each three neighbouring trees are connected, constructing a 3-dimensional continuous 

tessellation of non-overlapping triangles (Fig. 6.1). This triangular irregular network satisfies 

the Delaunay criterion (Fraser and van den Driessche, 1971) (i.e. a circle drawn through the 

three nodes of a triangle contains no other point, the triangles are as equi-angular as possible 

and the triangulation is independent of the order in which the points are processed).  
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   where AT is the sum of the horizontal area covered by the triangles, i=1…M is the 

number of triangles in the test plot, and represents the surface area of the 

triangles in 3-dimensions connecting x, y and z coordinates of trees (that represent the 

distance to origin with z being the height of the tree) with a and b representing the base and 

height of each triangle. SCI is at its minimum when it is equal to one, i.e. when all the trees in 

the stand have the same height.  Indices accounting for tree positions require edge correction 

methods (Pommerening and Stoyan, 2006). To avoid this bias in the index calculations, we 

used the translation method to reduce the error both in Gadow’s differentiation index and in 

the SCI. In the calculation of the latter, this very narrow and elongated triangles formed close 

to the edge of which probably do not reflect true neighbours. 
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Fig. 6.1. Tree distribution in V8 plot and triangular irregular network. 

 

6.3.3 Optimal plot size 

In order to determine the most appropriate sample size for evaluating vertical structure 

diversity in this type of forest, the three non-spatially explicit indices (H’, STVI, SQRI) and 

the SCI spatially explicit index were calculated at different scales. We divided each plot into 

sub-plots of decreasing size to show how the height diversity varied with the size of the plot. 

The final index for each plot was then obtained by calculating the index for each subplot and 

taking the mean value in order to obtain a smoother resultant curve. To make sure that the 

estimates obtained for each plot size were accurate and unbiased we calculated the root mean 

square error (RMSE) and the bias relative to the correct index value and these where then 

plotted against the plot size: 
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 Bias= MM ˆ−                                [6] 
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where M̂  is the estimate of the correct index value, M is the correct index value and n is 

the number of replications, in this case equal to the number of subdivisions. 

6.3.4 Correlation between indices 

Pearson’s correlation coefficient was used as a measure of relationships among all the 

indices calculated for the final sample size of 0.5 ha. The analyses were performed using SAS 

9.1 (SAS Institute Inc. 2004).  

6.4 Results 

The highest values obtained for the vertical structure diversity indices for most of the 

indices examined correspond to the uneven-aged plots V7 (mixed Scots pine-Pyrenean oak 

stand) and V8 (Scots pine stand near the timberline) and to the even-aged Scots pine plots of 

Valsaín forest V1 and V2 (0-20 and 21-40 years respectively) where regeneration fellings have 

been carried out (Table 6.3). Regarding the size of the plot chosen (i.e., 5000 m2), it can be 

observed that in all the cases studied the curve flattens off well within the plot size chosen, 

suggesting that a plot size of 1500 m2 would have been sufficient to obtain a reasonable 

estimate of diversity (Fig. 6.2). 

Table 6.3. Vertical structure indices in Navafría forest (N1, N2, N3, N4 and N5) and Valsaín forest (V1, V2, 
V3, V4, V5,V6,V7 and V8): H’, Shannon’s index; STVI, structure index based on the variance; SQRI, structure 
index based on the sum of square roots; DH3, Gadow’s index for 3 neighbours; SCI, structure complexity 
index. 

 Study site Plot H’ STVI SQRI DH3 SCI

N1 0.37 0.28 0.99 0.13  -

N2 0.24 0.06 0.91 0.07 1.43

N3 0.87 0.22 1.27 0.08 1.52

N4 0.71 0.08 0.99 0.06 1.02

N5 0.7 0.15 1.14 0.06 1.15

V1 1.55 0.64 2.7 0.19 2.82
V2 1.21 0.38 1.63 0.13 2.02
V3 0.93 0.23 1.34 0.12 1.77

V4 0.73 0.13 1.12 0.07 1.37

V5 0.59 0.24 1.35 0.07 1.25

V6 0.89 0.27 1.45 0.07 1.21

V7 1.34 0.97 2 0.17 1.73

V8 1.06 0.72 1.5 0.25 1.82

Navafría

Valsaín
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Mean values were lower when plot sizes were <1500 m2 due to the increasing number of 

zero values obtained at smaller scales. Regarding the RMSE and Bias statistic performance, it 

seems that 1500 m2 may also be the smallest size of the plot if accurate and unbiased 

estimates of diversity are to be obtained (See Appendix 1). As expected, the accuracy 

decreases and the bias increases when we reduce the plot size, especially in most 

heterogeneous plots (V1 and V7) at Valsain forest (Fig. 6.A1, 6.A2). 
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Fig. 6.2. Value of the non-spatially explicit indices (SQRI, STVI and H’ ) in Valsaín and Navafría forests in 
relation to the plot size. Plots with very coincident values are grouped to make the graph clearer. A grey line is 
drawn in the graph when the sample size is equal to 1500 m2. 
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The change in the vertical structure diversity indices for each forest over the life of the 

stands is shown in Figure 6.4. For almost all developmental stages, the indices showed higher 

values in Valsaín than in Navafría. In Navafría forest, H’ was lower for the younger plots (N1 

and N2) than for plots N3, N4 and N5, due to the lower height of the trees and the high 

homogeneity of the young crop, which results in a reduced amount of vertical strata 

occupation. In Valsaín, a decreasing trend of H’ was evident over the life of the stand, with 

the exception of the oldest plot (V6), where a slight increase was observed. This situation in 

plot V6 was due to the fact that regeneration fellings had led to a spatial structure in which 

established regeneration appeared close to some of the parent trees. The new index, SQRI, 

was more constant in Navafría, while in Valsaín it was more variable with higher values in the 

younger stages. In Valsaín, the vertical differentiation shows a decreasing trend over the life 

of the stand although an increase was again observed in the oldest age class. In Navafría, this 

decreasing trend is less evident, for some of the indices because of the high homogeneity of 

the young crop. DH3 and SCI show a different pattern over time for the older age classes in 

comparison with the rest of the indices and they flatten out when the stand reaches the stem-

exclusion stage (at an age between 60-80 years). The plots located at the upper (V8) and 

lower (V7) limits of the distribution area of the species showed high values for all the 

analysed vertical structure diversity indices (Table 6.3). Correlations were significant between 

all the non-spatially explicit indices analyzed (α = 0.01), except for the correlation between 

H’ and STVI, which was found to be significant at a level of 0.05 (Table 6.4). Correlations 

with the standard deviation of tree heights (SD) were also found to be significant for all 

indices except for DH3 (Table 6.4). 

 

Table 6.4. Correlation matrix of the vertical structure indices for the final sample size of 0.5 ha: H’, Shannon’s 
index; STVI, structure index based on the variance; SQRI, structure index based on the sum of square roots; 
DH3, Gadow’s index for height and 3 neighbours; SCI, structure complexity index. * indicates significant 
correlation at 0.05 level and ** indicates significant correlation at 0.01 level 

H' STVI SQRI DH3 SCI SD
H' 1
STVI 0.8300* 1
SQRI 0.8964** 0.8382** 1
DH3 0.6229* 0.6621* 0.6280* 1
SCI 0.7718** 0.6109** 0.8596** 0.7326** 1
SD 0.8409** 0.8101** 0.7231** 0.4751 0.5594* 1
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Fig. 6.4. Evolution across the chronosequence of the vertical structure indices in Valsaín (dots) and Navafría 
(continuous line): (a) Shannon’s index H’; (b) structure index based on the sum of square roots of differences in 
tree heights SQRI; (c) Gadow’s index for height and 3 neighbours DH3; (d) structure complexity index, SCI; (e) 
structure index based on the variance of tree height, STVI. 

The behaviour of the analysed non-spatially explicit indices is expected to be similar 

because H’ depends on the number of height class intervals, and will have lower values for a 

fixed class interval in those plots that have a lower mean height, whereas STVI and SQRI 

values also depend on the mean height of each plot. The correlation between the spatially 

explicit indices DH3 and SCI was also significant (α = 0.01). The results showed a highly 

significant correlation between the spatially explicit and non-spatially explicit indices as well. 

In the case of the non-spatially explicit indices, the STVI index shows the highest correlation 

with Gadow’s spatially explicit differentiation index. The SQRI is that which best correlates 

with SCI. All indices consistently gave the highest values to the uneven-aged plots (V7 and 

V8) as had been hypothesized, as well as to V1 (where regeneration fellings had begun) in the 

Valsain forest. Plot N3 (41-60 year age class) had the highest values of all successional stages 

in the Navafria forest (Fig. 6.4). The last age classes in Valsaín (V5 and V6) and Navafría (N4 

and N5) had similar values for all indices (Fig. 6.5). 
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Fig. 6.5. Value of the spatially and non-spatially explicit indices (SQRI, STVI, H’, SCI and DH3 ) in Valsaín 
(V1-V8; ) and Navafría (N1-N5;  ) forests. 

 

6.5 Discussion 

Several indices were used to characterize the development of vertical structure over time. 

Determining whether or not the vertical structure of one stand is more diverse than another 

may depend on the choice of diversity measure (Magurran, 1988). In this study all the indices 

calculated showed similar values. The high correlation between indices can be explained by 

the structural homogeneity of the stands (due to current management practices) as well as the 

size of the study plots used. 

The choice of the plot size seems adequate because in all cases since the indices reach 

their asymptote within the 0.5 ha sample size chosen for the study. Therefore, we can be 

reasonably confident that the diversity measured by the different indices of choice has been 

captured (Magurran, 1988). In fact, the plots could have been reduced to about one-fourth of 

the size (i.e., 1000 to 2000 m2) in most of the stands and would have obtained similar results 

for the indices and our results would still have been accurate and unbiased. Plot size partly 

explains the good correlation between the distant independent and dependent indices, given 

that the latter ones give a picture of diversity at smaller scales.  

The use of indices based on the variance, such as STVI (Staudhammer and LeMay, 2001), 

can be advantageous because the values of these indices do not depend on setting artificial 

class boundaries. There is no general agreement on how many classes should be used when 

we calculate H’ or the sensitivity of the index to a change in the class width (Ferris-Kaan et al., 
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1998; Varga et al., 2005), hence, the optimal class width needs to be tested. Alternatively 

Pretzsch (1995) proposed a vertical extension of the Shannon index based on a stratification 

of the vertical canopy layer into three relative strata representing 0-50, 50-80 and 80-100 per 

cent of stand maximum height, respectively (Pretzsch et al., 2006). This approach, however, 

may not be applicable in relatively homogenous stands like the ones assessed in this study, 

where there are often only two strata, leading to the same index value for stands with 

different maximum heights and different structure (Webber, 2000). In contrast, STVI 

behaves like H’, in that it is maximum when the distribution is uniform over the basal area, 

when all the classes are evenly represented (Magurran, 1988) and avoids the problem of the 

Shannon and Pretzsch indices that require dividing the continuous variable into arbitrary 

classes. Moreover, the STVI gave good results that can be easily interpreted (Staudhammer 

and LeMay, 2001), although it is somewhat more complex to compute than other indices and 

involves the definition of a single range of distribution limits for all stands to enable stand 

comparisons. The SQRI index proposed in this study is based on the sum of the square roots 

of absolute height differences, so the magnitude of the differences between values for the 

variable has less weight in the index value than if the differences are squared. Also, the 

number of values that are different acquires more importance in the index value than the 

magnitude of the differences. 

Gadow’s differentiation index has been used for the structural characterization of forests 

(Aguirre et al., 2003), and because it quantifies height variability between neighbouring trees, it 

may prove to be a useful tool for analysing the relationship between structure, competition 

and silvicultural applications (Montes et al., 2004). The differentiation index values in the 

plots with dense regeneration in both forests (N1=0.13; V1=0.19) are similar to the values of 

0.12-0.13 found by Kint (2005) in former homogeneous Scots pine plantations where no 

management practices are currently allowed. However, in the latter study, the differentiation 

index values for the pine stands without regeneration (0.17-0.24) and for the mixed pine-oak 

stands (0.23-0.33) he found are considerably higher than the values we found in our stands.  

The SCI index is mainly influenced by the micro-scale vertical structure, keeping a very 

constant value independent of the sample size chosen (results not shown). SCI values are 

very low in Navafria (1.02-1.52) indicating that these stands are extremely homogeneous, 

while in Valsaín only the 0-20 multi-storied stand where regeneration develops in conjunction 

with the parent trees presents a significantly higher value than the rest of the plots. SCI 

decreases throughout the rotation as most of the indices calculated, behaving in a different 
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way to natural forests where the older stands exhibit the higher degree of small-scale variation 

(Zenner, 2004; 2005). Both DH3 and SCI reveal a different pattern in the oldest age classes 

than the rest of the indices; levelling off instead of increasing. This probably indicates a 

clustered pattern of trees of similar heights in this age classes which is not detected by the 

non-spatially explicit indices. Although they have a lot of potential in practical studies, the 

disadvantage associated with spatial indices such as SCI and Gadow’s differentiation index is 

that they can be more expensive and time consuming since the position of the trees has to be 

determined. Furthermore, the different scales could be better separated using second-order 

characteristics that consider the interaction of pairs of trees at pre-defined intertree distances 

than using neighbourhood based spatial indices. However, this would require an even greater 

number of tree positions to be calculated. When mapped data are available, marked point 

processes can be used as an alternative to study the vertical diversity (Montes et al., 2008).  

The high correlations between the spatially explicit and the spatially non-explicit indices in 

our study indicate that in structurally homogeneous stands as the ones studied the additional 

assessment of the nearest neighbours does not provide much additional information 

regarding stand structure. This contrasts with the additional information provided by spatially 

explicit indices in more heterogeneous plots (e.g. Sterba, 2008).  

The STVI, SQRI, DH3 and SCI in general showed lower values in Navafría forest than in 

Valsaín (Fig. 6.3), as a consequence of the more intensive thinning regime and the shorter 

regeneration period (often using soil tillage) in Navafría. However, the H’ does not show this 

trend for the mature stages, probably because the choice of height class exerts a great 

influence on the value of this index. The index will thus be influenced by the fact that there 

are the same or even a higher number of classes in Navafría than in Valsaín even if there are 

very few trees in some of the classes in Navafría. The relationship between succesional stage 

and structure diversity changed in different ways with increasing age depending on the 

different indices used. Similar results were found by Varga et al. (2005). In our case, both 

forests show a decrease in structural diversity over the life of the stand according to most of 

the indices. However, in Navafría the high homogeneity of the young crop combined with a 

very low density of seed trees results in a reduced amount of vertical strata occupation in the 

two first age classes (N1 and N2) which gives very low values for some of the indices .The 

results of the stands studied contrast with many natural or semi-natural investigated stands 

that show increasing complexity as the stands mature and develop towards old-growth with 

greater numbers of diameter classes (Zenner, 2004; Kint, 2005; O’Hara et al., 2007). However, 
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this can be partly explained by the management practices that have taken place in these 

stands. Thinning from below, which involves the removal of the weakest and most 

malformed individuals from the dominated and co-dominated strata, reduces the range and 

standard deviation of tree heights. The decrease in stand diversity associated with thinning 

from below confirms the findings reported by Lähde et al. (1999) and Pretzsch (1995) in 

earlier studies. 

r values for the indices in the mixed Scots pine-oak stand than 

in the plot near the timberline. 

6.6

The behaviour of the structural indices in the uneven-aged plots V7 and V8 was different 

from the other plots, as had been hypothesized. Similarly, earlier studies identified higher 

structural indices values in uneven-aged forest stands (Coates and Steventon, 1995; Jaehne 

and Dohrenbush, 1997). Varga et al. (2005) found that structural diversity was higher in 

mixed-species stands than in single-species stands for the majority of the cases they studied. 

Our results also suggest the same trend for Valsaín forest. Mixed pine-oak plot (V7), in the 

ecotone between the pinewood and the broadleaved forest, presents a two-storied canopy 

layer that showed higher diversity values than almost all of the pure Scots pine stands studied. 

This contrasts with the tendency of pines to form mono-layered even-aged stands under the 

current management regime. The low density and frequent disturbances by snow and 

windthrow in plot V8, located near the timberline, favour a cluster structure with high height 

heterogeneity as found in other coniferous formations near the altitudinal treeline (Camarero 

et al., 2000). Therefore, this plot is amongst those with the highest values for all the indices 

studied. Non-spatially explicit indices show higher values in plot V7 but spatially explicit 

indices (DH3 and SCI) are higher in V8 than in V7. This can be attributed to the fact that the 

oaks, which tend to form clusters since most stems are sprout origin, exclude the pines. As a 

consequence every oak or pine is surrounded normally by trees of the same species with a 

similar height, leading to smalle

 Conclusions 

The height diversity indices analysed in this study can be used to compare or monitor 

height structure complexity. The new index proposed (SQRI) might be considered an 

alternative for the evaluation of forest structure diversity. However, further comparisons with 

indices used in other investigated stands or through modelled stands with known properties 

are needed to test the behaviour of the index devised in this paper. In the structurally 

homogeneous stands included in this study, correlations among indices were very high. Based 
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on the results of this study, it seems that the succesional stage must be considered when 

evaluating vertical structure diversity in managed even-aged stands since structural complexity 

is highly related to the silvicultural practices that are carried out at different ages. Thinning 

from below accounted for the decrease in vertical structure complexity throughout the 

rotation period as the range and the standard deviation of tree heights were reduced as a 

result of management practices. The results obtained in this study have implications for forest 

managers since the practices which give raise to longer regeneration periods in even-aged 

stands, such as those applied in Valsaín forest, seem to increase structural diversity 

throughout the whole rotation period. 

 

6.7

n-spatially explicit indices STVI, SQRI and H’ 

were calculated following equations 6 and 7: 

ze for the estimated values of the non-spatially 

plicit index STVI, in Valsaín (V1-V8) and Navafría (N1-N5). 
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Figure 6.A2. RMSE and Bias statistics in relation to the plot size for the estimated values of the non-spatially 

explicit indices SQRI and H’, in Valsaín (V1-V8) and Navafría (N1-N5). 
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7. DISCUSSION 

7.1 Forest regeneration in Iberian pine forests 

The results of this study allow us to better understand the regeneration dynamics of Stone 

pine and Scots pine. In both species recruitment was determined largely by the upperstory 

tree spatial pattern and by the heterogeneity of the environment induced by silvicultural 

practices at different scales. 

7.1.1 Small-scale spatial patterns of regeneration  
Regeneration (classified into two categories: seedlings and saplings) and its association 

with upperstory trees was analyzed at small-scales (ca. 0.5 ha). Scale-dependent measures of 

spatial pattern were used to give insight on processes of stand development over time 

(Moeur, 1993; Goreaud et al., 1998). Seedlings and saplings of both Scots pine and Stone pine 

showed a tendency towards clustering at short distances, below 25 m (Fig. 2.2, 3.2, 3.3). 

These results agree with the patterns commonly observed in other coniferous species [Thuja 

plicata (Donn ex D. Don) Spach and Tsuga heterophylla (Raf.) Sarg, Moeur, 1997; Pinus uncinata 

Mill., Camarero et al., 2005; Pseudotsuga menziessii (Mirb.) Franco, Getzin et al. 2006]. For both 

species, sapling clusters where found to occur in close proximity to the trees of older 

generations, which provide favourable microsites for establishment. In moisture-limited sites, 

which suffere severe summer droughts such as the ones studied, canopy cover may improve 

the soil water balance by creating more favorable conditions for regeneration establishment, 

in contrast to northern ecosystems where light is the limiting factor and regeneration is 

associated with open gaps (Nikolov and Helmisaari, 1992). 

In Stone pine stands, point pattern analysis revealed a strong positive association between 

seedlings and saplings (Fig. 2.3) which were both strongly attracted to the crowns of the older 

age classes, in both the even-aged and the uneven-aged stands (Fig.2.4, 2.5). The crown 

pattern analysis approach provided an effective way of investigating the relationship between 

upperstory and regeneration, highlighting the importance of crown size and pattern as a main 

factor influencing Stone pine regeneration patterns (Fig. 2.5). Although the small-scale 

aggregation, beneath and close to the crowns, was partly expected by the limited dispersal 

capacity of Stone pine seeds (as observed in other species with heavy seeds; Ngo Bieng et al., 

2006), it also suggests a facilitation mechanism of the upperstory trees. However, no 

environmental data were available in the Stone pine stands studied to support our hypothesis. 
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The Scots pine stands studied occupy the southernmost distribution of the species and 

therefore suffered severe summer droughts, unlike stands in northern Europe. The results 

from the Scots pine stands studied agree with previous studies that assert that this species’ 

recruitment in Mediterranean drought-stressed ecosystems requires moderate shade despite 

the shade- intolerant nature of the species (Castro et al. 2004, 2005). Redundancy analysis in 

combination with spatial point pattern analysis revealed that both seedlings and saplings were 

clustered, and that these clusters were located in favourable microsites characterized by either 

a high degree of soil water content during the summer or a certain degree of vegetation cover 

(Fig. 3.5). The relatively high explanatory power of soil moisture (Table 3.2)  agreed with 

studies in other Mediterranean pine species (e.g. Pinus nigra, Ordoñez, 2004; Quercus suber and 

Quercus faginea, Maltez-Mouro et al., 2007; Quercus pyrenaica, Rodríguez-Calcerrada et al., 2008). 

In the uneven-aged Scots pine stands, the pattern of seedlings and saplings were independent 

from each other but were both positively associated with the overall upperstory tree pattern, 

all of which were influenced by large-scale heterogeneity. Similar behaviour has also been 

reported for Scots pine regeneration in relation to the upperstory in uneven-aged pure and 

mixed forests (Paluch and Bartkowicz 2004; Zagidullina and Yikhodeyeva 2006). However, 

our results showed an additional spatial clustering of the saplings that was unrelated to the 

upperstory trees (Fig 3.4). In the stand close to the timberline the clustered pattern may be 

due to the smothering effect provided by the windward neighbours which favour 

performance in the vicinity of established tree groups (Montes et al., 2008) or by shrubs 

which offered protection (Fig. 3.5). In the mixed oak-pine stand clumps of sprout-origin trees 

did not allow pine regeneration to establish but individual single oak stems provided shelter 

for pine regeneration (Fig. 3.5). In the even-aged plots, seedlings and saplings where no 

longer associated, indicating a patch-dynamic with a gradual establishment of regeneration in 

the canopy gaps. In these plots, the association between regeneration and the upperstory 

trees changed with the progress of regeneration fellings (Montes and Cañellas, 2007). When 

only small gaps had been opened and mother tree cover was more homogeneous, 

regeneration was independent of the location of upperstory trees, and the spatial pattern of 

seedlings and saplings (positively associated at scales below 5 m) was more related to high soil 

moisture conditions than to the location of upperstory trees. However, when fellings had 

progressed and larger gaps had been opened seedlings and saplings were no longer associated, 

indicating a gradual establishment of regeneration, where seedlings establish in the newly 
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opened gaps but saplings grow close to trees of older generations, which provide them with 

shade.  

7.1.2 Large-scale spatial patterns of regeneration 

Part of the unexplained variance detected in the small-scale studies (Fig. 3.6) could be due 

to factors operating at larger scales. Therefore, Scots pine regeneration was analyzed at the 

cutblock scale (ca. 40 ha; Chapter 4). In addition to the small-scale clustering observed in 

Chapters 2 and 3, a tendency towards clustering at larger scales was also observed. A 

regeneration patch size of 400 m (and repetition of the spatial pattern) was found under a 

group shelterwood system (Fig. 4.4a) and a spatial gradient of approximately 300 m under a 

uniform shelterwood system (Fig. 4.4b). Soil properties were the most important factor 

controlling post-harvest Scots pine regeneration at the cutblock scale under both shelterwood 

systems (Table 4.4). Regeneration was concentrated where organic materials were removed, 

indicating that a degree of ground level disturbance to break up the herb or organic layer at 

the stand level may be required for regeneration establishment, depending upon the 

shelterwood system used. These results are consistent with previous studies that have found 

higher densities of pine regeneration in mineral soils in Mediterranean forests (Pinus sylvestris 

in the northeast and south of Spain; González-Martínez and Bravo, 2001; and Pinus nigra in 

the east of Spain; del Cerro Barja et al., 2009). The effect of retained trees on regeneration 

density at the stand scale level, evaluated with a spatially explicit competition index (IPOT), 

was not very significant (Table 4.4) supporting the results described in most studies of Scots 

pine regeneration in boreal forests (Ruuska et al., 2006; Siipilehto, 2006). The variation in 

regeneration density because of competition was found only for the uniform shelterwood, 

with a higher variation in competition.  After including the spatial metrics as explanatory 

variables in the model, the importance of the interaction between fine-scale and coarse-scale 

processes on regeneration density was suggested by the large percent of explained deviance 

for the shared spatial-non-spatial variables (Table 4.5). 

7.1.3 Importance of novel spatial statistics approaches 

This study highlights the importance of using novel spatial approaches to the study of 

forest regeneration. The results presented in Chapter 1 indicate that for some species, such as 

the Stone pine, where trees show great variability in crown size, crown pattern analysis should 

be used instead of the traditional point approach to avoid misleading interpretations. The 

analyses add new information on the differences between the separate spatial analyses of 
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point patterns and crown patterns in forests and have a wider applicability to other forest 

species. The use of more biologically meaningful null models (Goreaud and Pelissier, 2003; 

Wiegand and Moloney, 2004), such as the differences between g-functions rather than the 

actual g value, proved to be very useful to partial out environmental heterogeneity (Chapter 

2). Despite its many advantages, this method has seldom been used in ecological research 

(e.g. Lancaster and Downes 2004; Getzin et al. 2008; Melles et al. 2009). It allows ecologists to 

formulate a more sophisticated null model than the ones traditionally used, in which it is 

possible to test if recruitment selects the same sites as upperstory trees, and if it shows 

aggregation mechanisms independent of the upperstory pattern. Therefore, this approach 

also deserves future attention in spatial point pattern analysis research. Finally, incorporating 

spatial metrics representing all scales (extracted using the principal coordinate analysis of 

neighbours matrices method on plot coordinates, PCNM) in both RDA (redundancy 

analysis) and GLM (generalized linear model) analyses, allows to determine the percentage of 

the spatial structure of regeneration that cannot be accounted for by the environmental 

variables measured using a variance partition approach (Chapters 3 and 4). This analytical 

approach has the potential to be incorporated to different type of models, and, until now, has 

been scarcely used in forest research (but see Maltez-Mouro et al., 2007) despite the great 

number of studies which have used it in other ecological fields since the PCNM method was 

proposed by Borcard and Legendre (2002). It also allowed us to generate new hypothesis 

about the processes that generated regeneration patterns (e.g. McIntire, 2004) linked to the 

disturbances created by logging or to soil preparations.  

7.1.4 Future research: using a multi-scale framework 

Results found for Scots pine and Stone pine regeneration indicate that its spatial pattern 

was affected by environmental heterogeneity at different scales, mostly related to 

management practices. Therefore, to better understand regeneration dynamics in managed 

Mediterranean forests, particularly the relationships between ecological factors and 

regeneration abundance, further studies using a multi-scale approach that integrates fine-

scale, stand-level scale (and even forest level scale) (e.g. Gómez-Aparicio, 2008; García et al., 

2009) are needed. Stand-level models based on point processes also show promise to 

improve our understanding of intra- and interspecific interactions (Renshaw and Särkkä, 

2001; Comas and Mateu, 2006). In addition, long-term monitoring of these variables are 
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needed to determine how spatial dependence varies over time and to improve our 

understanding of natural regeneration. 

7.2 Structural diversity in Iberian pine forests 

The structural trends found in this study for Scots pine and Stone pine stands can be used 

as references in management decision making, although it is important to keep in mind that 

this way of implementing biodiversity management through structural features does not 

exclude the use of particular actions in favour of specific species (Kint, 2005) such as 

avoiding silvicultural practices in the proximity of nest sites or during reproductive periods or 

leaving large residual trees (e.g. Thome et al., 1999). 

7.2.1 Behaviour of the structural indices 
Although vertical diversity depended upon the index considered, correlations between 

spatially explicit and non-spatially explicit vertical structure diversity indices were very high, 

which can be explained by the structural homogeneity of the stands and by the plot size. In 

general, higher structural diversity indices values were found in the uneven-aged plots in both 

Scots pine and Stone pine stands (Fig. 5.5, 6.4). Earlier studies had also found that structural 

diversity was higher in uneven-aged stands (Coates and Steventon, 1995; Jaehne and 

Dohrenbusch, 1997). Under even-aged management both species tend to form mono-layered 

stands, and therefore the presence of older trees (where selective cuttings are applied in Scots 

pine or as a consequence of preserving older large cone producing trees) or of two species (in 

the mixed oak-Scots pine plot) favored multi-storied stands with higher vertical diversity. The 

innovative index proposed (SQRI; Chapter 5, Eq. 3) might be considered an alternative for 

the evaluation of forest structure diversity, although further comparisons with indices in 

other investigated stands are needed to test its behaviour. Although previous studies have 

found that differentiation decreases with increased site quality (e.g. Gracia and Retana, 1996), 

structural diversity of Stone pine stands did not significantly change over a wide range of soil 

conditions, suggesting that management practices prevail over site characteristics in 

intensively managed stands. 

7.2.2 Structural development in even-aged stands 

Most of the vertical diversity indices showed a decrease over the life of the stand, 

although the decrease was less evident in Stone pine stands (Fig. 5.4, 6.4). However, the 

relationship between succesional stage and structural diversity changed in different ways with 

increasing age in Scots pine and Stone pine stands, depending on the different indices used 
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such as found in other studies (Varga et al., 2005; Kint, 2005). Thinning from below 

accounted for the decrease in vertical structure diversity throughout the rotation period as the 

range and standard deviation of trees were reduced as a result of management practices. Of 

the two Scots pine forests studied, diversity values were lower in the forest with the more 

intensive thinning regime and with the shorter regeneration period. 

7.2.3 Practical use of diversity indices in forest inventories 
An important factor when selecting structural indices can be the dependency of the index 

on scale (Gray, 2003). Using a small number of large plots or using a large number of small 

plots to estimate structural indices offer advantages and drawbacks (Zenner and Peck , 2009). 

In the Scot pine stands studied the plot size chosen could have been reduced to about one-

fourth of the size (1000 to 2000 m2) in most stands without affecting the results obtained for 

the all of the indices (Fig. 5.2, 5.A1, 5.A2). To characterize diversity in Stone pine stands we 

used data from an inventory initially designed with the purpose of developing a growth and 

yield model. Diversity indices calculated on forest inventory data are meaningful (Sterba, 

2008), and although the small size of some of the plots (250-2500 m2) does not allow a priori 

interpretation of the indices for the whole management unit (Ruprecht et al., 2009), it allows 

for meaningful comparisons between stands. Moreover, given the results on Scots pine 

stands and the great homogeneity of even-aged Stone pine stands we can be certain that the 

plot size in most of the cases was adequate. Thus, it can be concluded that diversity indices 

calculated on regional (or national) inventories are very useful, but care should be taken when 

interpreting the results unless data from larger plots are available, especially in the more 

variable uneven-aged stands. Moreover, further research on the efficiency of plot sampling 

versus distance sampling (see Kint et al. 2004) is needed to estimate structural indices at 

reasonable accuracy levels. 

7.3 Management recommendations for Iberian pine forests  

This thesis contributes to a better understanding of the processes that lead to regeneration 

patterns and stand structures of Iberian pine forest. Taken together, the results of this study 

suggest the importance of considering stand structural dynamics and natural regeneration 

together in forest management in order to implement sustainable strategies for Iberian pine 

forests, adapted to future environmental changes.  
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The relationship between regeneration density and upperstory structure has been found to 

be critical at small scales. This suggests that regeneration strategies need to focus on small 

scales by managing upperstory trees. Therefore, specific recommendations can be given 

regarding the importance of crown areas information to understand and predict Stone pine 

regeneration, especially as techniques to obtain accurate crown diameters are increasingly 

developed (Strand et al., 2007; Getzin et al., 2008). Moreover, recent developments on 

hemispherical images stereo-analysis may allow deriving more precise measurements of 

crown dimensions (Herrera et al., 2009). Regarding Scots pine regeneration, the small-scale 

study suggests several strategies focused on the size of the canopy gaps opened and on the 

protection of shrubs and of single oak stems to enhance regeneration. 

Furthermore, changes regarding current silvicultural systems can also be proposed in light 

of our results. Uneven multi-aged managed stands where gaps are opened gradually has 

proven to be more succesful in regenerating Stone pine stands than even-aged managed 

stands that are opened more abruptly through regeneration fellings, and where the intensive 

silvicultural practices lead to a less diverse stand. In Scots pine stands, if thinning is early and 

pronounced, such as happens under a uniform shelterwood, increased light can cause a 

corresponding increase in herbs, creating a physical barrier for regeneration establishment 

and increasing water competition during summer (Pardos et al., 2008).  If harvest events are 

more spatially heterogeneous and spaced over time, such as happens under a group 

shelterwood system, regeneration will occur at a variety of times and this continuous influx of 

regenerated trees avoids the problem of relying on a confluence of a prepared seedbed with a 

favourable climate, reducing overall risk of regeneration failure. Moreover, in Scots pine, 

silvicultural practices which give rise to longer regeneration periods in even-aged stands seem 

to increase structural diversity throughout the whole rotation period, as regeneration cohorts 

are created over the stand. 

Therefore, under a future climate scenario of more frequent droughts, a management 

system that favours a continuous influx of regenerated trees will reduce overall risk of 

regeneration failure.  Implementing uneven-aged management strategies or management 

practices using more frequent and more spatially heterogeneous harvests (if necessary 

combined with small scale soil disturbances) that generate complex multi-aged structures and 

promote longer regeneration periods would increase both structural diversity and 

regeneration success within Scots pine and Stone pine stand types.   
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8. CONCLUSIONS 

1. Size and spatial pattern of crowns could be the main factor influencing the 

establishment of regeneration in Mediterranean Pinus pinea forests. Therefore, a 

detailed description of the spatial patterns of crowns will allow managers to adjust 

management practices in order to enhance natural regeneration in these stands. 

2. Our results indicate that for some species, such as P.pinea, where trees show great 

variability in crown size and eccentricity, crown pattern analysis should be used 

instead of the traditional point approach to avoid misleading interpretations. 

3. Regeneration in P.pinea stands was achieved more successfully under uneven-aged 

management, in which gaps in the stand are opened gradually, than under even-aged 

management where the stand is opened more abruptly through regeneration fellings. 

Implementing uneven-aged management strategies in order to generate complex 

multi-aged structures, or at least more flexible management systems, would increase 

regeneration success within P.pinea stands. 

4. The spatial distribution of the tree and shrub upperstory strongly influences 

regeneration patterns of Pinus sylvestris at small scales. Management practices need to 

focus on this scale, promoting small gaps, partial canopy cover and moderate shade in 

even-aged stands, and favouring tree and shrub cover in the case of uneven-aged 

stands. These practices appear to provide suitable conditions for the natural 

regeneration of P. sylvestris in a Mediterranean climate which seems without a doubt 

related to soil moisture content during the summer in these stands.  

5. At the cutblock scale, soil properties were the most important factor controlling post-

harvest P. sylvestris regeneration. Management practices using more frequent  and more 

spatially heterogeneous harvests that promote longer regeneration period duration will 

favour a continuous influx of regenerated trees. This will avoid the problem of relying 

on a confluence of a prepared seedbed with a favourable climate, reducing the risk of 

P.sylvestris regeneration failure under future scenarios of more frequent summer 

droughts. 
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6. Using more complex null models in spatial point pattern analysis together with 

multivariate techniques to explain regeneration aggregation mechanisms at small 

scales shows promise, such as those found for P.sylvestris. Moreover, a multi-scale 

approach that integrates fine-scale, stand-level scale (and even forest level scale) 

should be used to better understand regeneration dynamics in managed 

Mediterranean forests, particularly the relationships between ecological factors and 

regeneration abundance. 

7. Succesional stage must be considered when evaluating vertical structure diversity in 

managed even-aged stands since structural complexity is highly related to the 

silvicultural practices that are carried out at different ages. Thinning from below 

accounted for the decrease in vertical structure complexity throughout the rotation 

period as the range and the standard deviation of tree heights were reduced as a result 

of management practices.  

8. The new index proposed (SQRI) might be considered an alternative for the evaluation 

of forest structure diversity. However, further comparisons with indices used in other 

investigated stands or through modelled stands with known properties are needed to 

test the behaviour of the index devised. 

9. Implementing uneven-aged management strategies, or more flexible management 

practices which give raise to longer regeneration periods in even-aged stands and 

generate complex multi-aged structures would increase both structural diversity and 

regeneration success within Scots pine and Stone pine stands.  

10.  The combined study of regeneration and stand structure ties stand development and 

regeneration processes, showing a great potential at a forest research level and at a 

practical management decision-making level. Incorporating spatially explicit 

information at multiple scales improves our understanding of ecological processes in 

Iberian pine forests and can inform management decisions in light of changing 

environmental conditions. 
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