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 Foreword
 
 Although the majority of the world’s forest ecosystems are dominated by unevensized mixed species stands, forest management practice and theory have focused on the development of plantation monocultures to maximize the supply of timber at low cost. Societal expectations are changing, however, and uneven-aged multispecies ecosystems are often believed to be superior to monocultures in addressing a wide range of expectations. Rotation forest management (RFM) systems are characterized by standard silvicultural treatments and repetitive cycles of clearfelling followed by planting. Continuous cover forestry (CCF) is characterized by selective harvesting and natural regeneration, resulting in uneven-aged structures and frequently also in multispecies forests. The distinction is usually the result of decisions related to the stand establishment costs, simplicity of management, and various intangible benefits. The oldest and most refined examples of CCF systems are the so-called Plenter selection forests found in France, Switzerland, Slovenia and Germany. Today, CCF systems are encountered in various regions of Europe, North America and in some tropical and sub-tropical forests of South Africa, Asia and South America. In a forest managed under the selection system, the stand age is undefined. Forest development does not follow a cyclic harvest-and-regeneration pattern. Instead, it oscillates around some ideal level of residual growing stock, which is assumed to be favorable for natural regeneration and tree growth. The application of new silvicultural systems – which sometimes is equivalent to a return to traditional methods of tree harvesting – has become a political reality in many parts of the world. This involves a gradual transformation of the current even-aged silvicultural practices towards Continuous Cover Forestry, which is also referred to as “uneven-aged” (North America) or “near-natural” (Europe) forest management. Applications of CCF are usually characterized by uneven-aged multispecies stands, site-adapted tree species mixtures, and selective harvesting. Selective harvesting systems have a long tradition. Specific CCF-related analysis, modeling and economic evaluation tools have been developed, but details about their use are not widely known. Thus, the objective of this volume is to present state-of-the-art
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 research results and methods relating to CCF management with an emphasis on modeling, economics and application examples. Following the success of the first edition of Continuous Cover Forestry – Assessment, Analysis, Scenarios which was published in 2002, Springer approached the current editors with a request to develop an updated edition using a similar title. We have replaced some of the old chapters with new ones and asked the authors who contributed to the first edition, to update their contributions. The nine chapters of this book deal with the structure, silviculture, modeling, economy and optimization of continuous cover forests. The chapters are independent contributions and they can be read in any order. We wish to thank all the authors of the new edition of Continuous Cover Forestry for their excellent cooperation and timely submission. Timo Pukkala Klaus v. Gadow
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 Chapter 1
 
 Historical Emergence and Current Application of CCF Jean-Philippe Schutz, ¨ Timo Pukkala, Pablo J. Donoso, and Klaus von Gadow
 
 1 Introduction Almost all of the world’s ecosystems are utilized by humans and virtually all primary forests have been domesticated (Kareiva et al. 2007). People manipulate and modify the environment and their activities determine the mix of ecosystem services and the benefits to society. The availability of particular forest services is therefore not so much an ecological, but predominantly a cultural problem. Stream water runoff is not so much affected by “nature”, but by foresters’ decisions regarding tree cover and age. Tree harvesting activities determine the cash flow, the quality of habitats, nitrogen processes and vistas. A specific strategy, implemented by forest management, generates a particular mix of forest services. Although the majority of the world’s forests are dominated by mixed species stands, forest management practice and theory has focused on the development of monocultures (Gerlach et al. 2002). Industrial timber plantations are often preferred 
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 T. Pukkala and K. von Gadow (eds.), Continuous Cover Forestry, Managing Forest Ecosystems 23, DOI 10.1007/978-94-007-2202-6 1, © Springer ScienceCBusiness Media B.V. 2012
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 J.-P. Sch¨utz et al.
 
 Virgin forest Skole, western Ukraine (Photo: Klaus von Gadow)
 
 because their management is simple and fiber production can be maximized. Plantation forests are established to ensure the supply of a high quantity of wood. Societal expectations are changing, however, and uneven-aged multi-species ecosystems are often believed to be superior to monocultures in addressing a wide range of expectations. Foresters usually distinguish, albeit somewhat simplistically, two types of silviculture. Rotation forest management (RFM) is characterized by three distinct development phases: establishment – thinning – clearfelling. At least two of these phases, and sometimes all three, occur simultaneously in continuous cover forestry (CCF). According to (Mason et al. 1999), continuous cover forestry is characterized by ‘the avoidance of clearfelling of areas much more than two tree heights wide without the retention of some mature trees’. According to Davies et al. (2008), CCF encompasses a range of silvicultural methods, which largely fall into two groups: selection systems and shelterwood systems (we recommend to use the term “irregular shelterwood”, which is less restrictive than the classical type). In selection systems, harvesting and regeneration take place simultaneously and continuously, and tree sizes are intimately mixed. The selection systems may further be subdivided into single-tree selection and group selection. Variable-density thinning may also be used in uneven-aged forests to create and promote spatial heterogeneity, which is typical to natural forests. In irregular shelterwood systems, stands are
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 regenerated under the shelter of an existing overstorey, which is gradually removed; the resulting regeneration is more or less even-aged. Davies et al. (2008) recommend that CCF silviculture should be based on three principles: (a) Continuous cover: avoid large clearfellings. According to Mason et al. (1999), the tree cover on areas larger than 0.25 ha should not be entirely removed. (b) Stability: maintain stable forest structures to minimize biotic and abiotic disturbances. (c) Naturalness: use native or site-adapted tree species to support desired levels of biodiversity and stability. There are other aspects that are more or less closely linked to continuous cover forestry. Through skilful management, continuous cover forestry can achieve substantial benefits in terms of cash flow, biological diversity, ecological resilience and other services (refer to various chapters in this book; see also Pommerening and Murphy 2004).
 
 2 Plenter Forest – Archetype of CCF Nowadays the plenter forest system (Fig. 1.1) is well known as a comprehensive, original and perfectly sustainable silvicultural system. It is representative paradigmatically for all single tree oriented concepts without demographic interruption, and thus fundamentally different from all silvicultural systems oriented towards collective development of specific tree cohorts. The Plenter forest has no single tree age. All generations of trees are represented. A description of the Plenter forest is presented in virtually all silvicultural text books. The emergence of the Plenter forest silviculture as a corner stone of conventional silvicultural wisdom went historically through painful debates. In fact, at a time
 
 Fig. 1.1 Cross section through a classic plenter forest, the famous communal forest Couvet, in the Swiss Jura, compartment I/9
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 J.-P. Sch¨utz et al.
 
 Fig. 1.2 Adolphe Gurnaud (1825–1898) developed the check method for forest management and Henri Biolley (1858–1939), Swiss district forester in Couvet, upgraded the plenter system to a comprehensive and very modern silvicultural system
 
 before the mid-eighteen century, when forests had been overused by uncontrolled timber utilization, the French term jardinage or German Femelung and Plenterung were synonyms for picking trees anywhere without proper planning or control. These methods therefore were associated with the negative connotation of disorder. One of the main tasks of the newly created forest administrations in Western Europe was to rehabilitate extremely devastated forests by strict harvest control and temporary interruptions of harvesting to allow the forest to recuperate without disturbances, particularly after using the forest as pasture. Area-based methods of yield regulation were strictly enforced, which naturally involved the use of clearfelling and organizing the forest in age classes. The first forest laws (France Forest law 1827 and Great Duchy Bade 1833) prohibited explicitly the use of single stem harvesting (Plenterung). At that time only isolated forest professionals, particularly from mountainous regions, like Julius Ernst von Sch¨utz in the Ore Mountains (1757) or Dralet (1820) in the French Pyrenean mountains emphasized that clearfelling is much more detrimental to soil conservation and forest regeneration than application of strict management rules, and that therefore a regeneration without continuous canopy cover should not be undertaken. Dralet uses explicitly the term jardinage taking inspiration from the good examples in Switzerland, presumably from the Emmental region, reported by Baron von Tschudi, a pundit in land use. Both these silvicultural pioneers were fiercely criticized by the ruling class. A trend reversal was initiated by the French Forest Officer Adolphe Gurnaud (1825–1898) who rebutted the ruling forest management system based on areabased regulation (Fig. 1.2). Gurnaud stated in 1878 that the real observed timber increment should be the key (the control) for determining the prescribed cutting
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 and that not rotation age but continuous renewal should be considered leading to multi-age recruitment. His Control Method (or check method) is not merely an inventory method, but includes the vision that silvicultural treatment should be driven by observing the proper development of the stands realizing simultaneously regenerative, nurturing and selective objectives and using the different growth potentials of single trees (Gurnaud 1882, Fig. 1.2). This represented a paradigmatic change in forest use, liberating it from predetermined renewal based on rotation age. Gurnaud’s ideas were met with heavy resistance, particularly by the French forest administration. However, they found enthusiastic support in the neighboring Swiss Jura region, where Henri Biolley had established the check method in 1890 in the communal forest Couvet and successively in the Canton Neuchˆatel. His approach has since been the principal management method practiced in those regions. Biolley enhanced the single stem treatment (the plenter system) and formalized it as a comprehensive silviculture system (Biolley 1901) as it is acknowledged today. Full periodic inventory follows the same goals as presented by Gurnaud. Moreover, they allow approaching the ideal standing volume, which ensures the system sustainability. The continuous search for an ideal structure was designated by Biolley (1897) as “experimental treatment”. Since then the plenter system implies a continuous and sustainable tree-by-tree treatment (maintaining the demographic equilibrium) for uneven aged and uneven sized forest, mainly applied in mixed fir-beech spruce mountain forests. Such a treatment had been used empirically and transmitted in a father-to-son tradition, long before its formal definition, mostly in peasant forest regions in the Swiss Emmental, the Black Forest of Baden or the Allg¨au in Germany, in the Bregenz district of Austria, in Northern Slovenia and in other regions. A major incentive was the opportunity to sell large fir trees for naval construction to the Netherlands at a good price (the so-called Dutch cuttings), which were floated down along the river Rhine (Fig. 1.3). The forest was considered like a savings bank ensuring selfreliance and autarchy of farms. These ideas were more decisive than any theoretical consideration. Thus, farmers continued to treat their forest in that way, albeit against the law. Gurnaud’s original vision had a tremendous impact on foresters’ opinions. Thanks to this, the plenter question has been intensively and controversially debated in corporate forestry at the end of the nineteenth century, revealing clear adepts and opponents. The check method found application in different regions in the perialpine belt (Mlinsek 1972) and the plenter system lingered until now, but practically only in the belt of mixed fir dominated forest at montane elevations. The reason is that the perfect irregular system works efficiently with shade tolerant conifers, which are able to maintain spindle-shaped narrow crowns when individualized, in contrast to broad-leaved species whose crowns enlarge rapidly when having more space. This feature gives conifers an advantage in space utilization and allows sustainable production in irregular uneven-sized stands with higher growing stock volume (350– 450 m3 /ha) than with a broad-leaved species like beech (250 m3 /ha; Sch¨utz 2006). In fact the particular advantage of the plenter system lies in the production of large
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 Fig. 1.3 Floating of large fir timber of high quality to a Dutch shipyard. Water color, about 1896
 
 timber sizes of good quality thanks to the positive effect of shade on maintaining thin branches (Fig. 1.4, left) and to minimize the proportion of small tree dimensions. A comparison of the typical diameter distributions of the age class system and the plenter system shows that the plenter system needs one third less stems in small dimensions and produces 50% more in large dimensions (Fig. 1.4, right). Jointly with utilizing the cost-free natural regeneration and diminution of the cost for tending operations, all this gives the plenter yield system high economic advantages (Mohr and Schori 1999, Knoke 1998). Despite these advantages the total area managed in the plenter system is relatively modest. A survey by Sch¨utz (2001a) acknowledges something like 370,000 ha of classic fir-beech-spruce forests in temperate Western Europe. These forests occur practically only in montane regions with a natural presence of fir. In the best cases (Slovenia and Switzerland) the plenter forests amount to less than 10%. However, its extent could be much larger. Considering the fact that the plenter forest fulfills almost perfectly practically all forest uses, including their resistance against wind storms (Dvoˇrak et al. 2001) as well as undeniably better resilience, it is astonishing that such a system has not had more success in application. It is not a matter
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 Pure beech plenter forest from Langula, Thuringia (Photo: Jean-Philippe Sch¨utz)
 
 of specific site conditions. The plenter forest has been practiced successfully in different site conditions. Nor is it a matter of tree species, as illustrated by the pure beech plenter forest in Thuringia. For Switzerland Sch¨utz (1999) estimates the potential for applying the plenter system in about 56% of the total forested area. Therefore, the main limiting factors are willingness, silvicultural skill and continuity rather than biological constraints. Transforming regular forests into uneven sized ones needs particular skills, enough time (more than 50 years) and some courage, particularly in the starting phase of transformation. Decision support techniques help to evaluate the relevant risks (Sch¨utz 2001b).
 
 3 CCF in Other Regions Selective harvesting systems have been practiced for long periods of time, but the first scientific methods of calculating sustainable harvest levels were developed not much more than a century ago. Prompted by a rising interest in continuous cover forestry, specific methods have been developed in many regions. This section briefly introduces some approaches.
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 Fig. 1.4 Left: The plenter forest allows the landowner to produce large-sized timber of high quality thanks to the beneficial nurturing effect of shade on constraining broad branchiness. Right: Comparison of diameter distributions between the age class system and the plenter system for spruce, after Sch¨utz (1997). The age-class system corresponds to a whole chronosequence of a yield table
 
 3.1 China A frequent objective of CCF management is to mimic natural disturbance by tree harvesting. Hui et al. (2007), for example, proposed that selective harvesting should provide specific forest structural adjustment in mixed uneven-aged hardwood forests in North-Eastern China. Their approach, called “Structure-based Forest Management” (SBFM), uses spatially explicit descriptors of forest structure to adjust forest communities so that they resemble some assumed “natural” state. These variables, which can be assessed during routine forest inventories, are described in more detail in Chap. 2 of this book. In the sequel, we present a brief description of the SBFM approach applied in China. The assumption is often made that a primary forest, which is not disturbed by human intervention, represents a stable community. This is not entirely true of course. Forest ecosystems are not stationary, but subject to continuous change, due to tree mortality, regeneration and natural disturbances. In the SBFM approach, two situations may occur, a primary forest may be available to serve as reference or not be available.
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 When a primary forest is available to serve as a reference for management, some of its characteristics may be used to guide harvest decisions. Each ecosystem is unique, and to be able to mimic natural disturbances requires careful observation and continuous learning. The current state of the primary forest will change through time, there is usually not one unique primary state, but a set of forest structures that may be classified as “natural”. Although a definite target state is difficult to define, it is nevertheless useful to establish and monitor reference ecosystems that may guide management. An example is the vision followed by the city of L¨ubeck in Germany (F¨ahser 1997). The SBMF approach to CCF management is guided by a defined degree of naturalness. Beginning with a very limited knowledge, we have to make assumptions about certain structural attributes that may be characteristic and that are likely to be desirable. In the SBFM approach, these attributes include minimum tree cover, irregular spatial distribution patterns, some degree of spatial species mingling and some diversity of tree sizes at close range. Regular assessment of field data provides essential information for evaluating the potential of selective harvest events. There are numerous field sampling methods and each has specific merits. The choice depends on the required detail, available manpower and other resources. It is not possible to release all trees from competition in a forest with a complex structure and high species diversity. In the SBFM approach, structural adjustment is mainly focused on releasing the larger trees of climax species from competition pressures, and to a lesser degree on creating favorable conditions for natural regeneration. The SBFM approach assumes that selective harvesting is possible when the crown cover is at least 70% of full canopy closure. The assumed degree of naturalness is evaluated based on several quantitative characteristics, including species relative abundance and spatial mingling, stand basal area, diameter distribution and spatial mingling of tree diameters, and regeneration. Specific structural variables, such as the uniform angle index (W), species dominance (U) and species spatial diversity (TSS) are used to this purpose. These variables are described in Chap. 2 of this book. The SBFM approach is not limited to natural ecosystems, but may also be applied to man-made or heavily disturbed forests. Seven forest types have been identified to this purpose: (1) Scrub forests, (2) Plantation monocultures with exotic species, (3) Plantations with native or a mix of native and alien species, (4) Mixed plantation forests with only native species, (5) Degraded secondary forests, (6) Productive secondary forests, (7) Primary high forests. Potentially targeted for removal are trees (see Chap. 2 for explanation of variables): (a) with a uniform angle index value equal to 0.25 or less; (b) with a species mingling value equal to 0.25 or less; (c) with a dominance value equal to 0.75 or greater.
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 Selective harvesting in the Jiaohe Forest, Jilin Province, China (Photo: XiuHai Zhao)
 
 These values can be easily identified without any measurement effort in the field for all dominant trees and implementation is rather uncomplicated. Practical applications of structure-based forest management were developed in three forest regions in China: (a) in the mixed forests of broad-leaved species and Pinus koraiensis of Northeast China, (b) in the Xiaolongshan forests of Northwest China and (c) in the evergreen and broad-leaved mixed forests of Guizhou. Large demonstration areas have been established and a group of forestry technicians has been trained to carry out field operations.
 
 3.2 Chile – Tipo Forestal Siempreverde Among the 12 forest types which have been identified in Chile, the evergreen forest type (known in Chile as Tipo Forestal Siempreverde (TFS) covers 4.15 of
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 the 13.4 million hectares of Chilean native forests, the largest area of all types. 1.4 million hectares of the evergreen forests are located in areas protected by the State (CONAF-CONAMA 1999). Although silvicultural options for the sustainable use of these forests do exist, the majority of the multi-aged native forests are subject to mismanagent through both illegal and legal selective cuttings (Lara et al. 2003). Selective cuttings are authorized to remove up to 35% of the basal area per ha in 5-year cutting cycles. If this schedule is followed, after three re-visits (at year 0, 5 and 10) the original multi-age forest structure may have been completely modified, its natural structure destroyed and its productivity lost. Such legal removals as well as the illegal cuttings have produced thousands of hectares of degraded forests. It is essential to revert this situation for the old-growth native forests in Chile. There is a need to develop sustainable management approaches for such forests, specifically to provide valuable wood from species tolerant and mid-tolerant to shade, such as Podocarpus nubigena, Laureliopsis philippiana, Aextoxicon punctatum, Saxegothaea conspicua, Persea lingue, Laurelia sempervirens, Drimys winteri and Eucryphia cordifolia. Accordingly, several years ago, studies were initiated to assess the potential of selection silviculture in these forests. Growth and regeneration studies have shown that balanced structures with similar crown covers for small, medium-sized and tall trees, produce more abundant regeneration and better tree growth (Donoso 2002, 2005; Donoso and Nyland 2005; Donoso et al. 2009). In those studies, the diameter distributions showed constant ratios (q) between the number of trees in successive dbh-classes ranging between values of 1.26 and 1.35. These q-factors could serve as an initial reference for regulating the structure by selection silviculture. Nevertheless, it appears necessary to evaluate various alternative structures for achieving sustained forest growth through applications of CCF. In a representative forest stand on a good site in the low lands of the province of Valdivia, Donoso (2002) proposed to maintain residual basal areas of 33 m2 /ha and maximum basal areas of 47 m2 /ha. These levels are based on observations of the original primary forest which had basal areas close to 100 m2 /ha. The proposed residual basal areas would provide annual basal area growth rates of 1.4 m2 /ha assuming a 10-year cutting cycle. It has been suggested to increase the relative basal area proportion of immature trees and to reduce the proportion of trees of very large dimensions found in the primary forest, and to set the maturity threshold to 90 cm dbh. In a balanced reverse J-shaped distribution the ratio between successive DBH classes is defined by a constant, sometimes referred to as the k ratio or q ratio (Cancino and Gadow 2001). The k ratio defines the curve’s shape (its “steepness” or “flatness”) and permits the calculation of an ideal number of trees for each DBHclass in a stand with a given basal area, resulting in a balanced uneven-aged diameter structure. In such a forest, the assumption is made that the current growth can be removed periodically while maintaining the ideal DBH distribution, basal area and stand volume. Donoso (2005) proposed a balanced structure with a q ratio between 1.2 and 1.4 and a balanced crown cover among different crown layers.
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 J.-P. Sch¨utz et al.
 
 Selection harvesting in a Chilean evergreen forest (Photo: Pablo Donoso)
 
 3.3 Mexico – Sierra Madre Occidental Mexico has a great variety of unique forest ecosystems which are home to about 50% of all the known species of the genus Pinus and Quercus. The pine-oak forests cover 16% of the national territory and occur throughout the major mountain ranges of the Sierra Madre Occidental, the Sierra Madre Oriental, the Sierra Madre del Sur and the Transvolcanic Belt (Rzedowski 1978). Eighty percent of the forest area is owned and managed by about 8,000 rural communities known as Ejidos and Comuninades who manage their land with some level of governmental control (Thoms and Betters 1998). The predominant forest types on the Mexican Sierra Madre Occidental are pine-oak stands, often mixed with Pseudotsuga, Arbutus, and Juniperus. These forests, classified as “Nearctic subtropical coniferous forests”, represent a unique ecosystem with one of the highest species diversities in the world. The altitudes above sea level fluctuate between 1400 and 3000 meters (Garc´ıa 1989, SMN 2006). The CCF system used in Durango is locally known as the M´etodo Mexicano de Ordenaci´on de Bosques Irregulares (MMOBI). It was formally developed in 1944 and first applied in the management plan of the Atenquique forest in Jalisco (Rodriguez 1958). The theoretical basis of the MMOBI system has been described
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 CCF practiced in El Salto, in the State of Durango, Mexico (Photo: Klaus von Gadow)
 
 by Mendoza and Rodriguez (1959) and Torres (2000). Clear fellings are almost never practiced in the region. Specific applications depend on local site conditions and further details are presented by Hern´andez-D´ıaz et al. (2008).
 
 3.4 Knysna Forests South Africa Various techniques have been devised for ensuring sustainable harvests in CCF systems. The most common type involves recurring visits to a given location and to simply skim off the accumulated increment at each visit. To ensure sustainable yields, the forest is subdivided into n blocks each covering one nth of the total area. Each block is defined by a specific structure involving the distribution of species and tree sizes. The urgency and priority of harvesting depends on the number of years that have passed since the last harvest event. The indigenous evergreen forests which occur in the Southern Cape coastal belt of South Africa between Mosselbay and Humansdorp, known as the Knysna forests, represent a natural resource of great cultural, scientific and economic importance (Laughton 1937). Altogether 98 tree species occur in these forests. In multi-species forests, it is obviously useful if tree species and sizes are considered simultaneously.
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 J.-P. Sch¨utz et al.
 
 Grootrivier forest near Knysna, South Africa (Photo: Klaus von Gadow)
 
 An example of such an approach is the Knysna harvest control method developed during the 1960’s. In the Knysna CCF approach, forests are classified according to the moisture regime (Breitenbach 1974). The second step involves a classification of different tree species and size classes on the basis of their current and future potential as follows: I D mature trees of commercially valuable species that have reached a minimum threshold diameter; II D immature trees of commercially valuable species which will reach class I when mature; III D other non-commercial tree species; IV D weed trees and undesirable exotic intruders (Fig. 1.5). Finally, a normal residual basal area distribution is defined for each forest type and tree class. The Knysna approach is easy to implement and has the advantage that not only tree size but also species is considered. However, because of its simplicity, the definition of residual basal areas for particular species tree and size classes is not always straightforward.
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 Fig. 1.5 Basal area normalities for a medium-moist forest. Left: basal area distribution over tree classes before the harvest, with normal basal area distribution superimposed (centre) and removable surplus (right). Right: The basal area of tree class I is less than the norm. This is compensated by a temporary increase of the norm in class II. The ingrowth into class I will be greater than normal so that the class I basal area will reach normality sooner. The surplus in tree classes III and IV will be harvested
 
 Forest ecosystems may be highly heterogeneous and the structure may change at close range, depending on the terrain and management history. It is thus not always possible to characterize a desirable residual state as easily as in the Knysna forest example. More detailed analyses are often required to adapt rigid prescriptions to specific local circumstances. This requires more specific and spatially explicit descriptions of forest structure.
 
 4 Adaptive CCF The classical Plenter forest is based on a long-term vision of an ideal forest structure, implemented by the inverse J-shaped diameter distribution. Once attained, that structure is to be maintained in perpetuity by selective harvesting. This approach has been very successfully practiced in Switzerland and a few other regions in Europe. O’Hara and Gersonde (2004) present descriptions of alternative stocking control approaches that have been developed for uneven-aged stands. They discuss the North American BDq approach and propose that stand density index can be allocated among diameter classes to form a variety of structures. Similarly, leaf area index can be allocated among age classes or canopy strata without the constraints of a reverse-J diameter distribution. In view of fluctuating timber markets and anticipated changes in environmental conditions, a firm commitment to ideal target structures may be inconvenient by limiting the potential for adaptation.
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 Fig. 1.6 Left: Schematic representation of an ideal balanced target structure (thick line) and a “real” structure (dotted line)
 
 4.1 Ideal Balanced CCF Structures, – Are They Really Desirable? Uneven-aged forests sometimes exhibit a negative exponential DBH-class distribution with a constant q-ratio, which is also known in the literature as a reverse J-shaped distribution. Figure 1.6 shows schematically an ideal balanced target structure and a real structure. The “real” curve represents an observed relation between the number of trees per unit area and the breast height diameter. This structure is usually assessed after a period of undisturbed growth. The periodic harvest in a particular diameter class is equal to the difference between the number of trees on the real line and the prescribed ideal number of trees in that class. An example is the model defined by Susmel (1980) and Virgilietti and Buongiorno (1997) for mixed fir, spruce and beech forests of the Trentino region of the Italian Alps. Trees are harvested with reference to their model, which is defined by the following parameters: N D 300I
 
 G D 0:97  H I
 
 V D 0:33  H 2 I
 
 Dmax D 2:64  H I
 
 kD
 
 4:3 H 1=3
 
 where N is the number of stems per ha with a breast height diameter greater than or equal to 17.5 cm; H is the potential tree height, i.e. the maximum dominant height compatible with the ecological characteristics of the site (m); G is basal area (m²/ha); V is volume (m³/ha); Dmax is maximum diameter (cm) and k is a constant ratio between the number of trees in a given diameter class i and the next class i C 1. A similar example of such a “guide curve” approach, known in North America as the BDq method, that serves as a target stand structure, is presented by Guldin (1991) for a pine/oak forest in the Southern USA. He defines a target basal area (B), a maximum residual squared DBH (Dq) and the shape of the guide curve. Tabaku (1999) analysed the diameter distributions of uneven-aged plenter forests in Albania
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 Fig. 1.7 Observed diameter frequencies and diameter distribution models of two virgin forests of European Beech. The thick solid line represents the fitted bimodal Weibull-function (Westphal et al. 2006)
 
 and in the district of Bleicherode in Th¨uringen, Germany. The main species was Fagus sylvatica. Tabaku’s examples also represent negative exponential dbh-class distributions. Wehenkel et al. (2011) also found similar relationships between the tree diameters and the number of trees in pine-dominated Mexican forests which have been subject to CCF management.
 
 4.2 Natural Beech Forests The ideal target structure is an artificial construct which is easy to implement and thus useful for management. The problem is to define it. This problem is aggravated when foresters wish to mimic natural processes by harvesting timber. Westphal et al. (2006) studied the diameter frequency distributions of several virgin Forests of European Beech. Two of their distributions are presented in Fig. 1.7.
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 Figure 1.7 shows the observed diameter frequencies, and the fitted negative exponential distribution (neg. EXP) as well as the unimodal (WB 3p) and bimodal (WB 7p) Weibull distributions. The virgin structures are clearly bimodal and the modification by management, to fit the negative exponential distribution, would create an artificial structure which is not compatible with the natural one. The assumption that there is a unique and ideal diameter distribution cannot always be substantiated by empirical evidence. The concept of an ideal diameter distribution does not always have a biological foundation and the economic benefits of maintaining a forest in some equilibrium state, which requires constant periodic harvests, are doubtful. The application of the guide curve method for managing forest ecosystems can therefore be recommended only for situations where there is a lack of better analytical tools required for generating and evaluating alternative treatment options. Most important among such tools are growth models which enable foresters to predict forest development in response to a given series of harvest operations. Such models were presented, for example, by Sch¨utz (2006) to predict the “demographic dynamics” of a beech plenter forest in eastern Germany.
 
 4.3 Lensahn – An Example of Adaptive CCF In a great CCF silviculture has a long tradition in central Europe. It has been practiced in great variety of forests with different structures, silvicultural preferences and forms of ownership. As a consequence, there are no fixed rules that are universally applicable to all CCF forests. Each locality has very particular objectives and constraints and the multitude of specific cases eludes meaningful generalization and scientific abstraction. Mitscherlich (1952), for example, could show that there is no one unique composition, but a wide variety of Plenter forest structures in the Black Forest of Southern Germany that could be designated as balanced. Forest development is greatly influenced by harvest events, specifically by the type and weight of thinnings in the early phase after regeneration (Fig. 1.8). A heavy thinning at a young age soon produces large tree dimensions. Weak thinning and high densities are used to obtain high volume increment per unit area. This effect is well-known and the diameter distribution reveals much about the past silvicultural treatment. Figure 1.8 shows the diameter distributions of two German beech forests which had been naturally regenerated at the same time under a CCF type of silviculture known as uniform shelterwood system. Both forests enjoy excellent site conditions. Sixty years after regeneration, the difference between the two structures is striking. At the age of 59 years, Reinhausen is characterised by high stem numbers and small dimensions. Except for a few Ash (Fraxinus excelsior) specimens, almost all the individuals are beech (Fagus sylvatica) trees.
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 Fig. 1.8 Diameter distributions reflecting past silviculture in two beech forests growing in optimum site conditions. The light shading on top of the columns indicates the removals during the last harvest event
 
 The Reinhausen structure at this stage of development is an example of inflexible CCF: long periods during which trees cannot be harvested (except for firewood) are followed by periods during which trees must be harvested (to pre-empt red heart formation), for example. The Lensahn structure exhibits a significant departure from the shelterwood silvicultural dogma (known in Germany as Gross-Schirmschlag). The Lensahn forest, at virtually the same age, is characterized by considerably fewer trees per ha, a high species diversity and a bimodal distribution of diameters. A considerable part of the population has DBHs exceeding 30 cm, and individual beech trees have reached well above 50 cm DBH. Trees of varying dimensions and different species may be harvested at any time, depending on the market. But there is no urgency and no need to salvage anything because even the large size individuals are still very young. Thus, the Lensahn structure shows high adaptivity. This adaptivity can be maintained for a long time, possibly even indefinitely, if traditional silvicultural dogma is ignored. Adaptivity and structural diversity are complementary features of the CCF approach practiced in Lensahn.
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 CCF forest Lensahn in Northern Germany (Photo: Klaus von Gadow)
 
 5 CCF and Near-Natural Forest Management One of the current trends in forestry is increased adoption of near-natural or closeto-nature management principles so as to maintain the biological diversity of forests. The rationale behind this trend is that since natural forests and natural forest dynamics are able to maintain viable populations of all forest-dwelling species, forest management that follows the natural forest dynamics should also be good for biodiversity maintenance. Natural forests are characterized by their specific species succession and disturbance dynamics. In near-natural management, silvicultural treatments should mimic the species succession and disturbances that occur in natural forests during different stages of stand development. Oliver and Larson (1996) separate four distinct stages of stand development after a major disturbance: (1) stand initiation stage, (2) stem exclusion stage, (3) understorey reinitiation stage, and (4) oldgrowth stage. As stated earlier in this chapter, RFM is characterized by three phases: planting, thinning and clearfelling. Table 1.1 shows how these phases correspond to the different stages of natural stand development. It can be seen that two stages, namely the understorey reinitiation stage and the old-growth stage are omitted in RFM. As a result, managed even-aged forests lack these stages making forested
 
 1 Historical Emergence and Current Application of CCF Table 1.1 Different stages of stand development in natural stand dynamics after a major disturbance, and in plantation forestry
 
 Natural dynamics Stand initiation stage Stem exclusion stage Understory reinitiation stage Old-growth stage Major disturbance
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 Plantation forestry Planting Low thinning – – Clearfelling
 
 landscapes simpler as compared to natural forests, and offering smaller number of different habitat types for forest-dwelling species. As a consequence, the structural diversity of forests is reduced and many species dependent on habitats representing the undestorey reinitiation and old-growth stages are in danger. Using seed tree and shelterwood cuttings with natural regeneration, instead on clearfelling and planting, is an improvement since the former regeneration methods mimic the understory reinitiation stage. However, management that corresponds to the old-growth stage is still missing. The smallest and most suppressed trees die during the stem exclusion stage. Low thinnings correspond to this stage. Later on, during and after the understorey reinitiation stage, the situation is reversed and the largest trees are now the ones which die most frequently. Therefore, after the stem exclusion stage, thinnings should be conducted as high thinning. In the old-growth stage, individual large trees or groups of trees die creating canopy gaps of different sizes. The stand is uneven-aged and uneven-sized, and often spatially heterogeneous. The stand often turns from a pure stand of a pioneer species into a mixed stand of several species when shade-tolerant species appear under the canopies of shade-intolerant pioneer species. In the boreal forests of Europe, pine, aspen and birch often occupy the site after a major disturbance, and spruce gradually enters the stand as an understory. Planting spruce on clear-felled areas is widely practiced, but it is clearly against the natural forest dynamics. Since some pioneer species such as pine may survive for 500 years, and hardwoods frequently regenerate in canopy gaps, the old-growth forest often appears as a mixed forest. However, on the poorest sites, where only pine thrives well, the understory and the dominant canopy layers may both consist of only pines. In the Nordic countries, foresters have been educated to think that the current RFM quite well follows the natural disturbance dynamics of forest. It was assumed that, after the stem exclusion stage, when the trees get older, the stand becomes vulnerable and very sensitive to fire and wind damages, which sooner or later destroy the whole stand. However, more recent and careful analyses have revealed that this is not usually the case (Keto-Tokoi and Kuuluvainen 2010). A major disturbance after the stem exclusion stage is just one possibility, but it is more likely that, after sufficient natural thinning, the stand passes to the understorey reinitiation stage and then to the old-growth stage. The old-growth stage often lasts for 200– 300 years (Keto-Tokoi and Kuuluvainen 2010). The erroneous assumption about shorter intervals between major disturbances is partly due to the fact that, when historical fire events have been analysed,
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 Undestorey reinitiation and old-growth stages are not recognized in RFM (Photo: Marcus Walsh (top) and Tommi Taipale (bottom))
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 human-induced forest fires have not been separated from natural fires. Natural fires represent only a small fraction of all fires. They are lit by strikes of lightning, which are associated with thunderstorms and heavy rains that soon stop the fire. Therefore, natural wildfires are not as devastating as human-induced fires. In many cases a significant part of trees survives the fire. Large pines are the best survivors, which means that natural forests may contain very large and very old pines. Compared to the clearfellings of the current RFM, the major disturbances occurring in natural forests are less frequent and less severe. In near-natural forestry, the type, geographical scale and interval between cuttings should all resemble the natural disturbance dynamics. Since disturbances vary in severity, interval and area, all these variations should also be integrated into the forest management systems. This calls for parallel use of several silvicultural systems. For instance, if the interval between major disturbances varies from 100 to 500 years (Keto-Tokoi and Kuuluvainen 2010), the interval between heavy “final” fellings should also vary from 100 to 500 years. Some stands may be cut after 100 years, but most stands should be left to continue growing. The severity and size of cuttings should correspond to those of natural disturbances, which means that some large clearfellings should be conducted, but most cutting operations should be restricted to smaller areas and they should remove only a part of the trees. CCF offers the possibility to convert the current RFM into more near-natural forestry. This transformation can be achieved as follows. The even-aged young stand obtained in a regeneration area is first subjected to low thinnings that mimic the stem exclusion stage. Subsequent thinnings are conducted more and more from above, by removing mainly financially mature trees. In addition to producing income, the purpose of thinnings is to promote undestorey development. The overstorey trees are gradually removed, except that some large trees are left as retention trees. The undestorey, which is uneven-sized and often also uneven-aged, is subjected to repeated high thinnings. If the gradual regeneration slows down or stops, larger canopy gaps are opened to encourage the regeneration of shade-intolerant species, under which shade-tolerant species start to enter again. Finally, the stand may be regenerated with the shelterwood method and in some cases also with heavier fellings. This kind of management, which need not necessarily be similar in all stands, is often more profitable than RFM since the intervals between expensive artificial regeneration efforts are longer, and harvests mainly remove financially mature large trees having high opportunity cost (stumpage value) but low relative value increment. Smaller trees with low opportunity cost and high relative value increment are left to continue growing. The management is ecologically preferable since it follows the natural forest dynamics. However, to offer habitats for all species, care should be taken to leave some large trees to die and become coarse woody debris. Uneven-sized mixed stands are better protected against several biotic and abiotic risks than the even-aged RFM monocultures. Management is also less risky against economic fluctuations since the intensity, timing and assortment distribution of harvests can be flexibly adjusted to the market situation. In even-aged plantation
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 forestry, the time and assortment distribution of cuttings are largely dictated by the stage of stand development reducing the potential gains that may be obtained by adaptive forest management.
 
 6 Economic Aspects of CCF The profitability of a forest management system is most conveniently measured by the sum of the net present values (NPV) of all future incomes and costs associated with the management. This sum is called as land expectation value (LEV) or soil expectation value (SEV). A logical reference point of the calculation in RFM is a clear-felled area, i.e. bare land; if the forest landowner plans to invest to a new tree generation, she wants to evaluate the profitability of this investment done at this time point. The NPV calculated for the investment and the subsequent management schedule tells the forest owner, which amount of money, on a savings account, is able to produce the same amounts of net incomes as the proposed forest management schedule. The main economic problem of RFM is the long time interval between the investment and the major incomes. When discounting is used, the NPV of the whole management schedule easily turns negative if the discount rate is not very low (Fig. 1.9). As a result, even-aged plantation forestry is seldom profitable with slow-growing species involving long rotations. In uneven-aged management the investment is equal to the value of the trees of the residual stand. The investment may also be calculated as the reduction of the final felling income when only a part of trees are cut instead of all trees. The investment may be larger or smaller than in RFM, depending on the harvesting costs and roadside values of different tree sizes. The investment may be even zero when the residual trees are so small that their roadside value is smaller than their harvesting cost (the stumpage value of the residual trees is zero). The advantage of uneven-aged management is that the investment produces incomes sooner than in RFM. Therefore, the NPV may be higher than in RFM even if the non-discounted incomes are smaller (Chap 5). As a consequence, unevenaged management usually becomes more profitable than RFM when the discount rate increases. Another advantage on uneven-aged management is that the initial investment, i.e., the value of the residual tree stock can be flexibly adjusted on the basis of discount rate. In an extreme case, with very high discount rates, only non-marketable small trees may be left in the residual stand, resulting in no monetary loss and zero investment. If the cutting produces positive net incomes, the NPV of the management schedule is positive irrespective of the discount rate. On the other hand, plantation forestry cannot omit the stand establishment costs and, as a consequence, the NPV of the whole management system inevitably turns negative with high discount rates. Therefore, optimal CCF becomes more profitable than even-aged plantation forestry with increasing discount rate. RFM may be more profitable at low
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 Fig. 1.9 Investments (negative net incomes in year 0) and incomes in RFM without thinnings (top left) and steady-stage uneven-aged management (top right). The NPVs indicate the discounted values of the investments and incomes. The lower diagram shows the land expectation value with different discount rate for the even- and uneven-aged management schedules depicted in the upper diagrams. Increasing discount rate improves the relative performance of uneven-aged management
 
 rates, especially if the stand establishment costs are small compared to harvesting incomes, rotation is short, and economies of scale are significant in harvesting. Another financial benefit of uneven-aged management and several other forms of CCF is that trees can be removed immediately once they become financially mature (Fig. 1.10). This gives the forest owner the possibility to maximize the sum of profits generated by the forest and other investments. This kind of “precision-silviculture” is not possible in even-aged forestry where all trees are removed simultaneously. If the relative value increment is not exactly the same in all trees, clearfelling means cutting some trees too early and some trees too late as compared to the optimal timing (Chap. 5). If harvesting costs are ignored, the profitability of a clearfelling system is inevitably lower than in gradual selective cuttings. The way in which harvesting costs depend on the removed volume and size of removed trees determines whether the economies of scale associated with clearfelling compensate for the inoptimality losses associated with a simultaneous cutting of all trees.
 
 26 Fig. 1.10 The optimal time to harvest a tree is when its relative value increment falls below the rate of interest in financial market (or slightly earlier since the opportunity cost of land and the effect of removal on the growth of remaining trees should be taken into account). The inoptimality losses due to clearcutting increase with increasing variation in tree size; in the lower diagram, the benefit of conducting a high thinning instead of clearfelling is higher in the stand represented by the wider diameter distribution (dashed line)
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 It is noteworthy that the optimal management and rotation length of an even-aged stand depend on the size distribution of the trees, not only on stand density and age. If the distribution is narrow, all trees may be cut simultaneously when an average tree reaches the financial maturity. However, if the distribution is wide, optimal management involves one or several high thinnings that remove only the mature trees. The final felling, removing the last trees, occurs later and is determined by the smallest trees of the stand. If partial cuttings are excluded, a wider distribution shortens the optimal rotation length, which largely depends on the financial maturity of the largest and most valuable trees of the stand.
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 1 Introduction Structure is a fundamental notion referring to patterns and relationships within a more or less well-defined system. We recognise structural attributes of buildings, crystals and proteins. Computer scientists design data structures and mathematicians
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 analyse algebraic structures. All these tend to be rigid and complete. There are also open and dynamic structures. Human societies tend to generate hierarchical or networking structures as they evolve and adjust to meet a variety of challenges (Luhmann 1995). Flocks of birds, insect swarms and herds of buffalo exhibit specific patterns as they move. Structure may develop as a result of a planned design, or through a process of self-organization. Structure is an open-ended theme offering itself to interpretation within many disciplines of the sciences, arts and humanities (Pullan and Bhadeshia 2000). Important theoretical concepts relating to biological structures include self-organisation, structure/property relations and pattern recognition. Selforganisation involves competition and a variety of interactions between individual trees. Selective harvesting of trees in continuous cover forest (CCF) management modifies growing spaces and spatial niches. Physics and materials science have greatly contributed to structural research, e.g. through investigations of structure– property relationships (Torquato 2002). Biological processes not only leave traces in the form of spatial patterns, but the spatial structure of a forest ecosystem also determines to a large degree the properties of the system as a whole. Forest management influences tree size distributions, spatial mingling of tree species and natural regeneration. Forest structure affects a range of properties, including total biomass productions, biodiversity and habitat functions, and thus the quality of ecosystem services. The interpretation of tree diameter distributions is an example of pattern recognition often used by foresters to describe a particular forest type or silvicultural treatment. “Forest structure” usually refers to the way in which the attributes of trees are distributed within a forest ecosystem. Trees are sessile, but they are living things that propagate, grow and die. The production and dispersal of seeds and the associated processes of germination, seedling establishment and survival are important factors of plant population dynamics and structuring (Harper 1977). Trees compete for essential resources, and tree growth and mortality are also important structuring processes. Forest regeneration, growth and mortality generate very specific structures. Thus, structure and processes are not independent. Specific structures generate particular processes of growth and regeneration. These processes in turn produce particular structural arrangements. Associated with a specific forest structure is some degree of heterogeneity or richness which we call diversity. In a forest ecosystem, diversity does, however, not only refer to species richness, but to a range of phenomena that determine the heterogeneity within a community of trees, including the diversity of tree sizes. Data which are collected in forest ecosystems have not only a temporal but also a spatial dimension. Tree growth and the interactions between trees depend, to a large degree, on the structure of the forest. New analytical tools in the research areas of geostatistics, point process statistics, and random set statistics allow more detailed research of the interaction between spatial patterns and biological processes. Some data are continuous, like wind, temperature and precipitation. They are measured at discrete sample points and continuous information is obtained by spatial interpolation, for example by using kriging techniques (Pommerening 2008).
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 Where objects of interest can be conveniently described as single points, e.g. tree locations or bird nests, methods of point process statistics are useful. Of particular interest are the second-order statistics, also known as second-order characteristics (we are using the abbreviation SOC in this chapter) which were developed within the theoretical framework of mathematical statistics and then applied in various fields of research, including forestry (Møller and Waagepetersen 2007; Illian et al. 2008). Examples of SOCs in forestry applications are Ripley’s K and Besag’s L function, pair and mark correlation functions and mark variograms. SOCs describe the variability and correlations in marked and non-marked point processes. Functional second-order characteristics depend on a distance variable r and quantify correlations between all pairs of points with a distance of approximately r between them. This allows them to be related to various ecological scales and also, to a certain degree, to account for long-range point interactions (Pommerening 2002). In landscape ecology researchers may wish to analyse the spatial distribution of certain vegetation types in the landscape. Here single trees are often not of interest, but rather the distribution of pixels that fall inside or outside of forest land. Such point sets may be analysed using methods of random set statistics. Structure and diversity are important features which characterise a forest ecosystem. Complex spatial structures are more difficult to describe than simple ones based on frequency distributions. The scientific literature abounds with studies of diameter distributions of even-aged monocultures. Other structural characteristics of a forest which are important for analysing disturbances are a group which Pommerening (2008) calls nearest neighbor summary statistics (NNSS). In this contribution we are using the term nearest neighbor statistics (abbreviated to NNS). NNS methods assume that the spatial structure of a forest is largely determined by the relationship within neighborhood groups of trees. These methods have important advantages over classical spatial statistics, including low cost field assessment and cohort-specific structural analysis (a cohort refers to a group of reference trees that share a common species and size class, examples are presented in this chapter). Neighborhood groups may be homogenous consisting of trees that belong to the same species and size class, or inhomogenous. Greater inhomogeneity of species and size within close-range neighborhoods indicates greater structural diversity. The evaluation of forest structure thus informs us about the distribution of tree attributes, including the spatial distribution of tree species and their dimensions, crown lengths and leaf areas. The assessment of these attributes facilitates a comparison between a managed and an unmanaged forest ecosystem. Structural data also provide an essential basis for the analysis of ecosystem disturbance, including harvest events. The structure of a forest is the result of natural processes and human disturbance. Important natural processes are species-specific tree growth, mortality and recruitment and natural disturbances such as fire, wind or snow damage. In addition, human disturbance in the form of clearfellings, plantings or selective tree removal has a major structuring effect. The condition of the majority of forest ecosystems today is the result of human use (Sanderson et al. 2002; Kareiva et al. 2007). The degradation or invasion of natural ecosystems often results in
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 the formation of so-called novel ecosystems with new species combinations and the potential for change in ecosystem functioning. These ecosystems are the result of deliberate or inadvertent human activity. As more of the Earth’s land surface becomes transformed by human use, novel ecosystems are increasing in importance (Hobbs et al. 2006). Natural ecosystems are disappearing or are being modified by human use. Thus, forest structure is not only the outcome of natural processes, but is determined to a considerable extent by silviculture. Structure is not only the result of past activity, but also the starting point and cause for specific future developments. The three-dimensional geometry of a forest is naturally of interest to silviculturalists who study the spatial and temporal evolution of forest structures (McComb et al. 1993; Jaehne and Dohrenbusch 1997; Kint et al. 2003). Such analyses may form the basis for silvicultural strategies. Important ecosystem functions, and the potential and limitations of human use are defined by the existing forest structures. Spatial patterns affect the competition status, seedling growth and survival and crown formation of forest trees (Moeur 1993; Pretzsch 1995). The vertical and horizontal distributions of tree sizes determine the distribution of micro-climatic conditions, the availability of resources and the formation of habitat niches and thus, directly or indirectly, the biological diversity within a forest community. Thus, information about forest structure contributes to improved understanding of the history, functions and future development potential of a particular forest ecosystem (Harmon et al. 1986; Ruggiero et al. 1991; Spies 1997; Franklin et al. 2002). Forest structure is not only of interest to students of ecology, but has also economic implications. Simple bioeconomic models have been criticised due to their lack of realism focusing on even-aged monocultures and disregarding natural hazards and risk. Based on published studies, Knoke and Seifert (2008) evaluated the influence of the tree species mixture on forest stand resistance against natural hazards, productivity and timber quality using Monte Carlo simulations in mixed forests of Norway spruce and European beech. They assumed site conditions and risks typical of southern Germany and found superior financial returns of mixed stand variants, mainly due to significantly reduced risks. The management of uneven-aged forests requires not only a basic understanding of the species-specific responses to shading and competition on different growing sites, but also more sophisticated methods of sustainable harvest planning. A selective harvest event in an uneven-aged forest, involving removal of a variety of tree sizes within each of several species, is much more difficult to quantify and prescribe than standard descriptors of harvest events used in rotation management systems, such as moderate high thinning or clearfelling. Mortality, recruitment and growth, following a harvest event, are more difficult to estimate in an uneven-aged multi-species hardwood forest than in an evenaged pine plantation. The dynamics of a pine plantation, including survival and maximum density, is easier to estimate because its structure is much simpler than the structure of an uneven-aged multi-species forest. Thus, a better understanding of forest structure is a key to improved definition of harvest events and to the modeling of forest dynamics following that event. A forest ecosystem develops
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 Fig. 2.1 Simplified decision tree indicating methods that may be used depending on available data. The abbreviation DBH/H refers to diameter distributions and diameter height relations which are frequently used to reveal structure. In addition to second order statistics (SOCs), nearest neighbor statistics (NNS) are particularly useful for structural analysis (cf. Pommerening 2008)
 
 through a succession of harvest events. Each harvest event is succeeded by a specific ecosystem response following those disturbances. Improved understanding of forest structure may greatly facilitate estimation of the residual tree community following a particular harvest event, and the subsequent response of that community. The objective of this contribution is to present methods that can be used to describe and analyse forest structure and diversity with particular reference to CCF methods of ecosystem management. Despite advances in remote sensing and other assessment technologies, mapped tree data are often not available, except in specially designed research plots. Forest inventories tend to provide tree data samples in small observation windows. Thus, in the overwhelming number of cases, the amount of data and their spatial range is too limited to use SOC methods (Fig. 2.1). Often, tree locations are not measured, but the tree attributes, e.g. species, DBHs, diversity indices and other marks, are established directly in the field. This is a typical case for applying NNS. If, however, mapped data in large observation windows are available, SOCs are often preferred. Such point patterns may depart from the hypothesis of complete spatial randomness (CSR) and marks may be spatially independent or not. Cumulative characteristics such as the L function or the mark-weighted L functions can be used to test such hypotheses. If they are rejected, it makes sense to proceed with an analysis involving SOCs, such as pair correlation functions or mark variograms. If the hypothesis of mark independence is accepted, it suffices to use for example diameter distributions, non-spatial structural indices or NNS. Because of their practical relevance in CCF, particular emphasis in this chapter will be on analytical tools that do not depend on mapped tree data. Foresters need to
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 be able to analyse the changes in spatial diversity and structure following a harvest event. Their analysis must be based on data that are already available or that can be obtained at low cost. We will first review non-spatial approaches and then present methods which will facilitate spatially explicit analysis using SOC and NNS, including examples of analysing harvest events and measuring structural differences between forest ecosystems. In some cases implementations of methods are shown using the Comprehensive R Archive Network (R Development Core Team 2011).
 
 2 Non-spatial Structure and Diversity A first impression about forest structure is provided by the frequency distributions of tree sizes and tree species. Accordingly, this section introduces methods that can be used for describing structure based on tree diameters and diameter/height relations. We will also present approaches to defining residual target structures in CCF systems.
 
 2.1 Diameter Distributions The breast height diameter of a forest tree is easy to measure and a frequently used variable for growth modeling, economic decision-making and silvicultural planning. Frequency distributions of tree diameters measured at breast height (DBH) are often available, providing a useful basis for an initial analysis of forest structure.
 
 2.1.1 Unimodal Diameter Distributions for Even-Aged Forests Unimodal diameter frequency distributions are often used to describe forest structure. The 2-parameter cumulative Weibull function is defined by the following equation: Z F .x/ D P .X  x/ D
 
 X 1
 
 x
 
 shape
 
 D.X /dX D 1  e . scale /
 
 (2.1)
 
 where F(x) is the probability that a randomly selected DBH X is smaller or equal to a specified DBH x. To obtain maximum likelihood estimates of the Weibull pdf, we can use the function fitdistr in package MASS of the Comprehensive R Archive Network (http://cran.r-project.org/). Using the vectors n.trees and dbh.class, the R code for the 2-parameter Weibull function would be:
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 The Weibull function may be inverted which is useful for simulating a variety of forest structures characterised by the Weibull parameters: F .x/ D 1  e .
 
 xa c b
 
 /
 
 1
 
 inverting gives x D a C b  Œ ln.1  F .x// c
 
 (2.2)
 
 where P(X > x) D 1  F(x) is the probability that a randomly selected DBH X is greater than a random number distributed in the interval [0, 1], assuming parameter values a D 30, b D 13.7 and c D 2.6. The following kind of question can be answered when using the inverted Weibull function: what is the DBH of a tree if 50% of the trees have a bigger DBH? Using our dataset, the answer would be: x D 30 C 1 13:4  Œ ln .0:5/ 2:6 D 41:6 cm. Thus, we can simulate a diameter distribution by generating random numbers in the interval 0 and 1, and calculating the associated DBH’s using Eq. 2.2.
 
 2.1.2 Bimodal Diameter Distributions There is a great variety of empirical forest structures that can be described using a theoretical diameter distribution. DBH frequencies may occur as bimodal distributions which represent more irregular forest structures. Examples are presented by Puumalainen (1996), Wenk (1996) and Cond´es (1997). Hessenm¨oller and Gadow (2001) found the bimodal DBH distribution useful for describing the diameter structures of beech forests, which are often characterised by two distinct subpopulations, fully developed canopy trees and suppressed but shade-tolerant understory trees. They used the general form f .x/ D g  fu .x/ C .1  g/  fo .x/ where fu .x/ and fo .x/ refer to the functions for the suppressed and dominant trees, respectively and g is an additional parameter which links the two parts. Figure 2.2 shows an example of the bimodal Weibull fitted to a beech forest near G¨ottingen in Germany. The distribution of the shade tolerant beech (Fagus sylvatica) typically shows two subpopulations of trees over 7 cm diameter DBH. In Fig. 2.2, the population of dominant canopy trees is represented by a rather wide range of diameters (18–46 cm), whereas the subpopulation of small (and often old) suppressed and trees has a much narrower range of DBHs. The two subpopulations are usually quite distinct. However, the proportions of trees that belong to either the suppressed or the dominant group may differ, depending mainly on the silvicultural treatment history (Fig. 2.2).
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 Fig. 2.2 Example of a bimodal Weibull distribution fitted to a beech forest near G¨ottingen in Germany
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 Fig. 2.3 Simple height-diameter relation (left) and contour plot of the fitted density function (After Zucchini et al. 2001)
 
 The Weibull model may also be used to describe the diameter distributions in forests with two dominant species (Chung 1996; Liu et al. 2002), using a mix of species-specific DBH distributions. The diameter structure, however, is increasingly difficult to interpret as the number of tree species increases. This is one of the reasons why so much work has been done on the structure of monocultures. They are easy to describe using straightforward methods.
 
 2.2 Diameter-Height Relations One of the most important elements of forest structure is the relationship between tree diameters and heights. Information about size-class distributions of the trees
 
 2 Forest Structure and Diversity Table 2.1 Parameter estimates for Eq. 2.3 (After Temesgen and Gadow 2003) a b c Tree species a1 a2 a3 a4 b a5 Aspen 20.655 0.08724 0.01509 1.399 Cedar 17.947 0.0009 0.14087 0.03497 1.304 Paper birch 20.446 0.0007 0.13355 0.03576 1.262 Douglas-fir 32.037 0:3504 0.0007 0.18308 0.01797 1.093 Larch 41.792 0.01709 1.118 Lodgepole pine 20.852 0:3168 0.0004 0.23962 0.03184 1.087 Ponderosa pine 32.208 0.01738 1.107 Spruce 17.080 0:0932 0.34276 0.01073 1.462
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 within a forest stand is important for estimating product yields. The size-class distribution influences the growth potential and hence the current and future economic value of a forest (Knoebel and Burkhart 1991). Height distributions may be quantified using a discrete frequency distribution or a density function, in the same way as a diameter distribution. However, despite greatly improved measurement technology, height measurements in the field are considerably more time consuming than DBH measurements. For this reason, generalised heightDBH relations are being developed, which permit height estimates for given tree diameters under varying forest conditions (Kramer and Akc¸a 1995, p. 138).
 
 2.2.1 Generalised DBH-Height Relations for Multi-species Forests in North America Generalised DBH-height relations for uneven-aged multi-species forests in Interior British Columbia, Canada, were developed by Temesgen and Gadow (2003). The analysis was based on permanent research plots. Eight tree species were included in the study: Aspen (Populus tremuloides Michx.), Western Red Cedar (Thuja plicata Donn.), Paper Birch (Betula papyrifera March.), Douglas-Fir (Pseudotsuga menziesii (Mirb.) Franco), Larch (Larix occidentalis Nutt.), Lodgepole Pine (Pinus contorta Dougl.), Ponderosa Pine (Pinus ponderosa Laws.) and Spruce (Picea engelmanii Parry  Picea glauca (Monench) Voss). Five models for estimating tree height as a function of tree diameter and several plot attributes were evaluated. The following model was found to be the best one:   c HO D 1:3 C a 1  e bDBH
 
 (2.3)
 
 with a D a1 C a2  BAL C a3  N C a4  G and c D a5 C a6  BAL. BAL is the basal area of the larger trees (m²/ha); G is the plot basal area (m²/ha); N is the number of trees per ha; a1 : : : a7 , b and c are species-specific coefficients listed in Table 2.1.
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 A generalised DBH-height relation such as the one described above, may considerably improve the accuracy of height estimates in multi-species natural forests. In a managed forest, however, the parameter estimates should be independent of G and BAL because density changes at each harvest event. This affects the parameter estimates, which is not logical.
 
 2.2.2 Mixed DBH-Height Distributions Unmanaged forests are used as a standard for comparison of different types of managed stands. There are numerous examples showing that virgin beech forests exhibit structures which include more than one layer of tree heights (Korpel 1992). In a managed beech forest, the vertical structure depends on the type of thinning that is applied. In a high thinning, which is generally practised in Germany, only bigger trees are removed while the smaller ones may survive for a very long time, resulting in a typical pattern with two subpopulations with different diameter-height relations. Thus, the population of trees is composed of a mixture of two subpopulations having different diameter-height distributions. Zucchini et al. (2001) presented a model for the diameter-height distribution that is specifically designed to describe such populations. A mixture of two bivariate normal distributions was fitted to the diameter-height observations of 1,242 beech trees of a DBH greater than 7 cm in the protected forest Dreyberg, located in the Solling region in Lower Saxony, Germany. The dominant species is beech and the stand is very close to the potentially natural stage. All parameters have familiar interpretations. Let f .d; h/ denote the bivariate probability density function of diameter and height. The proposed model then is f .d; h/ D ˛  n1 .d; h/ C .1  ˛/  n1 .d; h/
 
 (2.4)
 
 where ˛, a parameter in the interval (0, 1), determines the proportion of trees belonging to each of the two component bivariate normal distributions n1 .d; h/ and n2 .d; h/. The parameters of nj .d; h/ are the expectations udj ; uhj ; the variances 2 2 dj and hj , and the correlation coefficients, j ; j D 1; 2. A simple heightdiameter curve, as shown in Fig. 2.3 (left), describes how the mean height varies with diameter at breast height, but it does not quantify the complete distribution of heights for each diameter. The larger subpopulation (approximately 80% of the entire population) comprises dominant trees in which the slope of the height-diameter regression is less steep than that for the smaller subpopulation (approximately 20% of the population). This can be seen more distinctly in Fig. 2.4 (right). Mixed DBH-height distributions may be fitted using the “flexmix” package (Leisch 2004) of the Comprehensive R Archive Network.
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 Fig. 2.4 Geographical distribution of permanent plots in the Estonian Permanent Forest Research Plot Network
 
 2.2.3 Generalised DBH-Height Relations in a Spatial Context Schmidt et al. (2011, in press) present an approach to modeling individual tree height-diameter relationships for Scots pine (Pinus sylvestris) in multi-size and mixed-species stands in Estonia. The dataset includes 22,347 trees from the Estonian Permanent Forest Research Plot Network (Kiviste et al. 2007). The distribution of the research plots is shown in Fig. 2.4. The following model which is known in Germany as the “Petterson function” (Kramer and Akc¸a 1995) and in Scandinavia as the “N¨aslund function” (Kangas and Maltamo 2002) was used:   dij k hij k D C 1:3 (2.5) ˛ C ˇ  dij k where hijk and dijk are the total height (m) and breast height diameter (cm) of the kth tree on the ith plot at the jth measurement occasion, respectively; ˛, ˇ and  are empirical parameters. Models are often linearized with the aim to apply a mixed model approach (Lappi 1997; Meht¨atalo 2004; Kinnunen et al. 2007). In addition, the use of generalized additive models (GAM) requires specification of a linear combination of (nonlinear) predictor effects. The N¨aslund function can be linearized by setting the exponent  constant (in our case  D 3, see Kramer and Akc¸a 1995): yij k D 
 
 dij k hij k  1:3
 
 1=3 D ˛ C ˇ  dij k
 
 (2.6)
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 A two-level mixed model was fitted, with random effects on stand and measurement occasion levels. Thus, it was possible to quantify the between-plot variability as well as the measurement occasion variability. The coefficients of the diameterheight relation could be predicted not only using the quadratic mean diameter, but also the Estonian plot geographic coordinates x and y. The problem of spatially correlated random effects was solved by applying the specific methodology of Wood (2006) for 2-dimensional surface fitting. Thus, the main focus of this study was to use an approach which is spatially explicit allowing for high accuracy prediction from a minimum set of predictor variables. Model bias was small, despite the somewhat irregular distribution of experimental areas.
 
 3 Analysing Unmarked and Marked Patterns This section presents methods for analysing unmarked and marked patterns of forest structure and diversity. We show examples of measuring differences between patterns and of reconstructing forests from samples. The emphasis is on nearest neighbor statistics which can be easily integrated in CCF management because they do not require large mapped plots.
 
 3.1 Unmarked Patterns The two-dimensional arrangement of tree locations within an observation window may be seen as a realisation of a point process. In a point process, the location of each individual tree, i, can be understood as a point or event defined by Cartesian coordinates fx i , y i g. This section deals with unmarked point patterns, using methods for mapped and unmapped tree data. The required code of the Comprehensive R Archive Network is also presented to make it easier for potential users to apply the methods.
 
 3.1.1 Mapped Tree Data Available Second-order characteristics (SOCs) were developed within the theoretical framework of mathematical statistics and then applied in various fields of natural sciences including forestry (Illian et al. 2008; Møller and Waagepetersen 2007). They describe the variability and correlations in marked and non-marked point processes. In contrast to nearest neighbour statistics (NNS), SOCs depend on a distance variable r and quantify correlations between all pairs of points with a distance of approximately r between them. This allows them to be related to various ecological scales and also, to a certain degree, to account for long-range point interactions
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 (Pommerening 2002). SOCs may be employed when mapped data from large observation windows are available. Examples are given in this section, but more can be found in the cited literature. In the statistical analysis, it is often assumed that the underlying point process is homogeneous (or stationary) and isotropic, i.e. the corresponding probability distributions are invariant to translations and rotations (Diggle 2003; Illian et al. 2008). Although methods have also been developed for inhomogeneous point processes (see e.g. Møller and Waagepetersen 2007; Law et al. 2009), patterns are preferred in the analysis for which the stationarity and isotropy assumption holds. These simplify the approach and allow a focused analysis of interactions between trees by ruling out additional factors such as, for example, varying site conditions. In this context the choice of size and location of an observation window is crucial. A rather popular second-order characteristic is Ripley’s K-function (Ripley 1977). K(r) denotes the mean number of points in a disc of radius r centred at the typical point i (which is not counted) of the point pattern where  is the intensity, i.e. the mean density in the observation window. This function is a cumulative function. Besag (1977) suggested transforming the K-function by dividing it by  and by taking the square root of the quotient, which yields the L-function with both statistical and graphical advantages over the K-function. The L-function is often used for testing the complete spatial randomness (CSR) hypothesis, e.g. in Ripley’s L-test (Stoyan and Stoyan 1994; Dixon 2002). For example, using the libraries spatstat and spatial of the Comprehensive R Archive Network, the following function Lfn (provided by ChunYu Zhang) calculates the L function and the 99% confidence limits for a random distribution.
 
 The above functions are implemented in a field experiment where the dominant species is beech (Fagus sylvatica). The plot Myklush Zavadivske covering 1 ha, is located near Lviv in Western Ukraine. The following R code generates the graphics presented in Fig. 2.5.
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 Fig. 2.5 The beech trees in the almost pure beech plot Myklush Zavadivske, show significant regular distribution up to distances of 10 m (right)
 
 The beech trees in the experimental plot “Myklush Zavadivske”, show significant regular distribution up to distances of 10 m, which can be seen by the values of the L function well below the lower bound envelope. Cumulative functions are not always easy to interpret and for detailed structural analysis functions of the nature of derivations are preferred. One of these is the pair correlation function, g(r), which is related to the first derivative of the K function according to the interpoint distance r (Eq. 2.7; see Illian et al. 2008): g.r/ D
 
 K 0 .r/ : 2 r
 
 (2.7)
 
 For a heuristic definition consider P(r) as the probability of one point of the point process being at r and another one at the origin o. Let dF denote the area of infinitesimally small circles around o and r and  dF the probability that there is a point of the point process in a circle of area dF. Then P .r/ D dF dF g.r/:
 
 (2.8)
 
 In this approach, the pair correlation function g(r) acts as a correction factor. For Poisson processes and for large distances when the point distributions are
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 Fig. 2.6 Left: Mixed beech (white) – Norway spruce (gray) – oak (black) forest Walsdorf. The observation window is 101  125 m. Right: The pair correlation function, g.r/, O for all tree locations regardless of species (r is the intertree distance)
 
 stochastically independent g(r) D 1. In the case of attraction of points g(r) > 1 (leading to a cluster processes) and for inhibition between points g(r) < 1 (resulting in regular patterns). Figure 2.6 shows an example from the Walsdorf forest in Germany (provided by Arne Pommerening) with beech, Norway spruce and oak. The pair correlation function, gˆ (r), indicates strong clustering of trees at short distances up to approximately 1.5 m. This is followed by a deficit of pairs of trees occurring at distances between 1.5 and 4 m. The most frequent larger intertree distance is 5 m. There are spatial correlations between trees up to 30 m (correlation range). The partial pair correlation function g ij (r), which by analogy to K ij (r) (Lotwick and Silverman 1982) can also be referred to as the intertype pair correlation function, is a tool for investigating multivariate point patterns. Its interpretation is similar to that of g(r). We will not present examples here, mainly because the focus of this section is on unmarked processes. The reader may refer to Penttinen et al. (1992), Stoyan and Penttinen (2000), Illian et al. (2008), Kint et al. (2004) and Suzuki et al. (2008).
 
 3.1.2 Mapped Tree Data Not Available Staupendahl and Zucchini (2006) present a brief review of a variety of forest structure indices which were specially developed or adapted for forestry use (cf. Upton
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 and Fingleton 1989, 1990; Biber 1997; Gleichmar and Gerold 1998; Smaltschinski 1998; Gadow 1999). For practical forestry purposes, where complete mappings of populations are normally not feasible, the distance methods are particularly useful. These methods, which are also used for density estimation, are based on nearestneighbour distances. The measurements made are of two basic types: distances from a sample point to a tree or from a tree to a tree. Again from these methods the T square sampling (Besag and Glaves 1973) and their modifications (Hines and Hines 1979) are particularly useful (Diggle et al. 1976; Byth and Ripley 1980), especially regarding the test of complete spatial randomness. Assunc¸a˜ o (1994) describes the spatial characteristics of a population of forest trees based on the angle between the vectors joining a particular sample point to its two nearest neighbouring trees. Unaware of Assunc¸a˜ o’s work, but with the same intention, Gadow et al. (1998) also evaluated the angles between neighbouring trees. They did not use a reference point but a reference tree, thus allowing cohort-specific structural analysis. Cohort-specific structure refers to the specific structure in the vicinity of a cohort of reference trees, for example the structure in the vicinity of a given species, or in the vicinity of very large trees. They also considered more than two neighbors, thus extending the neighborhood range. Finally, they proposed that the angles should not be measured exactly, which would be time consuming during field assessment, but classified. They defined a standard angle, for example 72ı in the case of four neighbors (Hui and Gadow 2002). The number of observed angles between two neighboring vectors which are smaller than the standard angle, are added up and divided by the total number of angles, as follows: n 1X j k Wi D n j D1
 
  with
 
 vj k D
 
 1; ˛j k < ˛0 0; otherwise
 
 and 0  Wi  1
 
 (2.9)
 
 With four neighbors, W i can assume five values: 0.0; 0.25; 0.5; 0.75 and 1.0. The following R-function calculates the uniform angle index:
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