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Forest Edge Development - Management and Design of Forest 
Edges in Infrastructure and Urban environments 

Abstract 
This thesis investigates design guidelines and management systems for the 
development of stationary forest edges with a graded profile in infrastructure and urban 
environments.  The spatial restriction for the edge to move forward caused by human 
land use counteracts the natural dynamics and development patterns of graded forest 
edges. However graded forest edges with successively increasing height from the 
periphery to the interior of the forest edge are often seen as ideal as they supports 
important multiple functions while at the same time keeping hazardous trees away from 
tracks, roads, power lines and houses. This calls for suitable management systems and 
design guidelines. This thesis focuses on the woody species assemblies and vegetation 
structures. Two starting points of forest edge development was investigated in Southern 
Sweden; 1) Planted designed forest edges in the Landscape Laboratory of Alnarp, and 
2) Natural regenerated forest edges, after clearing along a 610 km railway line between 
Malmö and Stockholm. Based on the studies it is proposed that the planning of active 
forest edge development should depart from basic abiotic gradients and it is important 
to incorporate vegetation structure at site and landscape level into the long-term 
planning. The management and design actions taken in relation to this should 
acknowledge the importance of controlling tree dominance. Traits and species 
strategies relating to tolerance of shade, drought, waterlogging, browsing as well as 
dispersal mode and growth form can be used as interpretive framework for forest edges 
assembly and to guide management actions. When assembling species in relation to 
these traits, placement along the cross section of the forest edge should be a central 
aspect of the planting design. Based on the findings two management systems were 
conceptualized; Zoned Selective Coppice that departs from threshold heights and 
spatial zonation, respectively Functional Species Control that focus on control of 
dominating tree species. Further a guideline for planting principle was conceptualized. 
Three long term experimental trials have been developed and established to enable 
controlled evaluation of these management systems and design guidelines.  
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”Skovbrynet är förutom horisonten och himlen det enda landskapselement, 
som i skala svarar till stor nutidig bebyggelse, till trafikanläggningar och till 
de stadsenheter jag drömmer om. Skogsbrynen är för Danmark vad sjöarna är 
för Finland, bergryggarna för Italien och floderna för Frankrike. Men framför 
de geologiska landskapselementen har skogsbrynen den fördelen att de kan 
skapas av oss inom överskådlig tid.”  

“Apart from the horizon and the sky, the forest edge is the only landscape 
element corresponding in scale to the great modern buildings, traffic 
environments and cities of which I now dream. Forest edges are for Denmark 
what lakes are for Finland, mountains ridges are for Italy and rivers are for 
France. But unlike geological landscape elements, forest edges have the 
advantage that they can be created by man within a manageable time.” (Freely 
translated) 
Sven-Ingvar Andersson (1966). Söndagslandskap och måndagsstäder (Sunday Landscapes 

and Monday Cities). page 126 , Havekunst 7/1966, pp. 121-128. 
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           Terminology and definitions  

  
 In this thesis, concepts mainly derived from vegetation 

ecology, forestry and landscape architecture are defined if 
not in the text using footnotes. All main concept 
definitions are also collected in Appendix A.  
 
 
“Nothing new can ever be learned by analyzing definitions. 
Nevertheless, our existing beliefs can be set in order by this 
process, and order is an essential element of intellectual economy, 
as of every other.” Peirce, C.S. (1878). How to make our ideas clear. 
Popular Science Monthly, 12, pp. 286-302. 
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1 Introduction  

This thesis is about development, through management and design, of forest 
edges. The context is infrastructure and urban environments where human 
land use leads to stationary 1 forest edges and how the woody component of 
such edges can be actively designed and managed.  
 
Forest edges are the physical vegetation structures2 forming the transition zone 
between forest and open land cover in various patterns and distributions 
between the two land uses. Thus they modify and affect multiple processes and 
organisms in the landscape as they can work as filters, barriers, corridors and 
habitats (Sarlöv-Herlin, 2001; Cadenasso et al., 2003; Ries et al., 2004). This is 
strongly related to the vegetation structure and species composition of the 
forest edge itself (Didham & Lawton, 1999; Mourelle et al., 2001; Hamberg et 
al., 2009a; Wuyts et al., 2009). Knowledge about these relations enables 
identification of the forest edge type most suitable to perform specific 
functions in different contexts, and thereby provision of desired ecosystem 
services3. However, the managers of forests must then make assumptions and 
introduce measures to achieve the forest edge type deemed most suitable for a 
certain context.  

Forest edges are dynamic and often change in position and structure over 
time (Sarlöv-Herlin, 2001; Essen et al., 2006). The forest edge is the result of a 

                                                        
1. Stationary forest edge: If the forest edge is restricted from moving forward and its horizontal 

position is hence permanent for a given period, it is termed stationary. 
2. Vegetation structure: Structure refers to “the way the individual parts of something are 

made, built, or organized into a whole” (Treffry, 1999) and as such is scale-dependent. The spatial 
scale considered for vegetation structure in this thesis follows Gustavsson (1986) and is at the 
level of a forest stand. As such, the individual parts can be considered to be the individual species. 

3. Ecosystem services: The benefits human populations derive, directly or indirectly, from 
ecosystem functions (Costanza et al., 1997). 
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stress4 or disturbance5 regime in proximity to a forest system that upholds the 
succession of the forest and thereby creates a transition between forest and 
non-forested land. This can be either natural or man-made and more or less 
stable in space. Based on the origin and upholding of the forest edge, Jansson 
et al. (2011), based on Strayer et al. (2003) and Harper et al. (2005), define 
three classes of forest edges; natural, maintained and regenerating. Continuous 
stress regimes, such as extreme drought in the form of exposed bedrock or 
extreme wet conditions, i.e. water bodies, create forest edges that are 
considered natural. Maintained edges depart from land uses that keep the land 
cover type open through recurring disturbance (e.g. grazing, farming or 
repeated clearing) or alternation of growth substrates and hence a resources6 
and stress regime (e.g. roads and railways). Regenerating edges are the product 
of disturbances within the forest matrix through natural and human disturbance 
(clear-cutting) that over time are assimilated back into the forest matrix 
through succession; also defined as embedded edges according to Matlack & 
Liviatis (1999).  

If the disturbance or stress regime that upholds the forest edge is removed 
or weakened, the forest edge will advance forward and reclaim the non-
forested land, a phenomenon sometimes referred to as advancing edge (Ranney 
et al., 1981), but also as natural regeneration or old-field succession (e.g. Egler, 
1954). Depending on the fluxes of disturbance and stress, the horizontal 
position of the edge can be more or less stationary (also referred to as 
permanent or fixed edges) within a specific time scale. The woody species 
interaction that drives the species composition and structure of the forest edge 
will be affected by the degree of stationarity, since it modulates the resource 
utilisation (‘mapping’ sensu Ries et al., 2004) of the different species.  
  

                                                        
4. Stress: External constraints which limit the rate of ‘plant growth’ (dry matter production) 

(according to Grime, 2001). 
5. Disturbance: Mechanisms such as browsing, fire and wind, which lead to plant biomass loss 

(according to Grime, 2001). 
6. Resources: Given the definition of competition (Grime 2001), light, nutrients, water and 

space. 
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There is a growing amount of research on how forest edges and other 

ecotones7 affect different organisms and processes (e.g. Devlaeminck et al., 
2005; Ries & Sisk, 2010; Batáry et al., 2014). In comparison, research 
examining how to actively develop the forest edge itself through management 
and design, especially over long periods, is rather limited. Classically, forest 
and vegetation ecology research has applied long-term management trials and 
vegetation studies across long complex environmental gradients8 9 in order to 
obtain a scientifically substantiated understanding of how to develop forest 
types and structures (Whittaker, 1956; Puettmann et al., 2008; Pretzsch, 2009). 
However, corresponding studies on forest edges are rare.  

Urban 10  and infrastructure 11  environments are characterised by a high 
degree of human influence and built permanent structures such as houses, 
roads, railways and power lines, leading to the corresponding forest edges 
becoming stationary in their position. These environments can span a 
continuum from lower to higher amount of human influence and built 
structures. As the urban and infrastructure continuum increases, the amount of 
indigenous vegetation commonly decreases (Breuste, 2004; Sukopp, 2004). 

                                                        
7. Ecotone: Ecotone is used here as in most general textbooks (e.g. Odum, 1971) as a transition 

zone between two communities. As such, an ecotone can be relatively narrow or wide depending 
on its context. However, it is argued by van der Maarel (1990) in accordance with van Leeuwen’s 
(1966) “limes converge” that an ecotone is a stress zone with large fluctuations giving rise to a 
fast and rapid change in species composition. Van der Maarel (1990) argues, in accordance with 
van Leeuwen’s (1966) “limes diverge”, that a relatively heterogonous and stable gradient zone 
instead should be referred to as an ecocline. The definition of ecotone and ecocline is hence also a 
question of the spatial and temporal scale used for the classification. Although van der Maarel’s 
(1990) arguments are in many ways compelling, the clear (over)use of the ‘textbook’ definition 
justifies its use, as this avoids misunderstandings and separates its definition from ‘environmental 
gradient’, which is sometimes referred to as an ecocline or coecocline. 

8. Environmental gradient: The abstract dimensions of an ecological space where the relative 
position of ‘sites’ reflects similarity/dissimilarity of an environmental variable. Samples of sites 
spanning a large set of the theoretical range of an environmental variable could hence be 
considered as representing a long environmental gradient (adapted from Austin (1980, 1985) and 
Oksanen & Tonteri (1995)). 

9. Complex environmental gradient: The abstract dimensions of an ecological space where the 
relative position of ‘sites’ reflects similarity/dissimilarity of an environmental variable that is a 
representation of several environmental characteristics (adapted from Austin (1980, 1985), Diaz 
et al. (2008) and Jansen & Oksanen (2013)). 

10. Urban environment: An area where population density leads to land use that is substantially 
related to, or affected by, residential buildings, public services and facilities, commercial land, 
industrial land, transport and communication facilities. 

11. Infrastructure environment: An area consisting of, or strongly affected by, roads, railways, 
airports, power lines and other infrastructure. Given the definition, infrastructure environment 
does not have to be urban, but there can be infrastructure environments within an urban area. 
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Furthermore, urban and infrastructure environments often have an increased 
amount of forest edges, since existing forest is more likely to be fragmented 
into more and smaller patches (e.g. Corona et al., 2012; Larsen & Nielsen, 
2012; Nielsen et al., 2013). Moreover, the high amount of human interference, 
such as construction work, in this kind of landscape often leads to situations 
where young successional stages of the forest edges have to be managed. In 
addition, a significant part of the urban forest in Europe is young 
plantation/regeneration (Gundersen et al., 2005; Nielsen & Jensen, 2007). The 
high political priority of new afforestation projects in urban contexts in many 
countries such as Denmark and the United Kingdom indicates that young 
forests, and accordingly young forest edges in the urban fabric, will persist and 
increase (Nielsen & Jensen, 2007). Even young forest edges are of crucial 
importance in providing multiple ecosystem services in urban contexts, since 
constraints on land use foster a need for improving the output of all elements of 
the landscape (Bolund & Hunhammar, 1999; Palmer et al., 2004; Sarr & 
Puettmann, 2008). All these edges need to be designed 12  and developed 
adequately if they are to support multifunctional landscapes, but knowledge of 
how to do this is limited. This is partly due to a lack of experimental trials and 
studies over long complex environmental gradients and environmental 
characteristics13 that address woody species composition and structure of forest 
edges. 

                                                        
12. Planting design: The process of selecting and spatially combining different plant species 

through planting. As such, it regulates the initial species interactions and appearance through the 
decision of e.g. placement, spacing, plant qualities, planting patterns and establishment 
management. 

13 . Environmental characteristics: Umbrella term for spatially varying abiotic and biotic 
variables of the environment, operating at varying scale from site level to overall landscape 
composition and configuration (adapted from Diaz et al., 2008). 
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Figure 1. Schematic figure of some different forest edges, their structures and species groups 
ranging from abrupt forest edges in the top to graded forest edges in the bottom.  

To promote multifunctionality and reduce negative edge14  effects15 , ‘soft’, 
species-rich forest edges have often been proposed as a desirable management 
goal for forest edges (Hodge, 1995; Lindenmayer & Fischer, 2007; Luck, 
2007). Graded forest edges16 with lower vegetation at the periphery and with 

                                                        
14. Edge: The boundary between two different patches and hence dependent on the definition 

of patches. It can be considered as having either two or three dimensions. An edge is generally 
considered three-dimensional in this thesis (adapted from Strayer et al. (2003)). 

15. Edge effect: A change of measured response variable that depends on the distance from the 
edge (considered two-dimensional in this case), i.e. a spatial effect on the variable investigated 
induced by the change of moving from one patch to another. The edge effect hence varies 
depending on the response variable investigated and how edges are defined. The edge effect can 
be positive or negative, while if there is no edge effect it is neutral (adapted from Strayer et al. 
(2003) and Ries et al. (2004)). 

16. Graded fores edge: Graded forest edge: also called “sloping” (Fry & Sarlöv-Herlin, 1997), 
“step-shaped” (Rydberg & Falck, 2000) “three-step” (Sarlöv-Herlin & Fry, 2000) “outdrawn” 
(Gustavsson, 2004) or “tapered” (Ruck et al., 2012), these are forest edges successively 
increasing in height from the periphery to the interior of the forest. 
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increasing vegetation height towards the stand are often proposed as an 
appropriate vegetation structure to achieve this, since they support biodiversity 
(Buckley et al., 1997a), filter (Wuyts et al., 2008, 2009) and shelter functions 
(Dupont & Brunet, 2008; Ruck et al., 2012) and visual qualities (Fry & Sarlöv-
Herlin, 1997) with increasing space available for flowering, fruits/berries and 
foliage colours (Larsen & Nielsen, 2012). In infrastructure and urban 
environments, graded forest edges have been further advocated since they 
enable the services mentioned above without including the disservices related 
to having large hazardous trees close to railways (Rühle, 1995), houses 
(Rydberg & Falck, 2000), power lines (Ballard et al., 2007) and major roads 
(Forman et al., 2003). However, graded forest edges are rare and often 
restricted to: 

 
 Natural succession of forest into old fields, also called ‘advancing edge 

phenomena’ (e.g. Dierschke, 1974; Ranney et al., 1981; Gustavsson, 1986)  
 Cultural landscapes with a recurrent moderate disturbance regime, where 

e.g. low-intensity grazing often supports the development of edge zones 
with a graded profile17 (e.g. Gustavsson, 1986; Fry & Sarlöv-Herlin, 1997) 

 Locations with outdrawn intrinsic environmental gradients, such as 
moisture gradients and soil depth gradients (Gustavsson, 1986; van der 
Maarel, 1990; Lloyd et al., 2000). 

 
Figure 2. Illustration of different forest edge profiles (corresponding to figure 1) and how the 
more graded forest edges keep hazardous trees away from infrastructure.  

                                                        
17. Forest edge profile: The outer vertical shape of the forest edge towards the non-forested 

open land cover. 
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Using inventory data for Sweden, Essen et al. (2004) estimated that only 20% 
of forest edges in the Swedish landscape are shrub-dominated and only 2% 
have a graded profile. Lack of appropriate management and homogenisation of 
land use are probable causes (Ihse, 1995; Sarlöv-Herlin, 2001; Gustavsson, 
2004; Gustavsson et al., 2005; Emanuelsson, 2009; Larsen & Nielsen, 2012). 
Consequently, the Swedish Environmental Protection Agency has raised 
several concerns about the loss of well-developed forest edge habitats 
(Naturvårdsverket, 2012). In urban and infrastructure contexts, environmental 
gradients are often neutralised and management concepts relying on advancing 
edges or grazing are seldom applicable. This contradiction between desirable 
edge function, structure and species composition and lack of options to achieve 
this is problematic for the practitioner and interesting for the researcher. 
Therefore graded forest edges were selected as the focus of the research 
reported in this thesis.  

There is great social interest in controlling the spatial position of vegetation 
in order to decrease the risk of ecosystem disservices (e.g. Fankhauser et al., 
1999; Delshammar et al., 2015). One example of this is the Swedish railway 
system. During two severe storms, in 2005 and 2007, trees falling on railways 
and power lines caused severe damage. As a response, the Swedish Transport 
Administration obtained legislation in 2008 to expand the railway corridor 
from 10 m to 20 m from the rail banks and to clear away forest in the new part 
of the corridor. This resulted in over 3000 km of forest edge regrowth to be 
managed along Swedish railways. This management has traditionally been 
conducted with non-selective18 systems, but this often increases the negative 
edge effects on the surrounding forest landscape (Didhamn & Lawton, 1999; 
Rydberg, 2000; Hamberg et al., 2009a). Furthermore, non-selective methods of 
vegetation control are strongly discouraged in the literature on similar 
environments in North America (e.g. Luken et al., 1991; Meilleur et al., 1994; 
Hill et al., 1995; Mercier, 2001; Nowak & Ballard, 2005) and on urban 
environments (Ribe, 1989; Rydberg, 2000). The Swedish Transport 
Administration therefore initiated an applied research and development project 
to investigate selective management methods19 for the development of graded 
forest edges. This thesis is a result of that initiative.  

 
                                                        

18. Non-selective management methods: Management is applied equally over the management 
area without individually targeting certain species, groups, sizes or forms. 

19. Selective management methods: Management that individually targets certain species, 
groups, sizes or forms within the management area. Note that within silviculture and forestry, 
selection and selective are sometimes used with slightly different meanings. Within other 
environmental management areas such as vegetation management of power lines, selective is the 
common term for such management methods. 
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2 Objectives  

The overall aims of this thesis were to provide empirically substantiated 
information on how stationary graded forest edges in infrastructure and urban 
environments can be developed concerning woody species composition and 
vegetation structure through design and management. This was researched in 
three steps, which in relation to the aims can be summarised as follows: 

 
1. Empirical field studies of the relationships between woody species 

composition, forest edge structure and environmental characteristics in the 
early successional development of designed and naturally regenerated forest 
edges, in order to develop an empirically substantiated knowledge base for: 

2. Conceptualising planting design principles and selective management 
systems for graded forest edges (i.e. theory development), and 

3. Planning and establishment of field trials for controlled, long-term testing 
and evaluation of the conceptualised planting design principles and 
management systems for graded forest edges. 
 

Specific objectives were to:  
A. Assess the effect of planting design on forest edge concerning structure, 

species composition and spontaneous woody vegetation. 
B. Identify the environmental characteristics at site and landscape levels that 

are most influential for the woody species assembly of forest edges 
C. Develop management and design concepts for establishment and 

maintenance of stationary graded forest edges  
D. Establish controlled management trials with graded forest edges for long-

term testing and further development of the design and management 
concepts developed. 
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2.1 Scope 

The scope of this thesis was the nemoral and hemiboreal vegetation zone and 
the analysis was limited to the woody component of stationary forest edges. 
Field studies are restricted to these vegetation zones within Sweden. The 
review of management and design considerations concentrated on practice in 
European countries, described in literature published in either a Scandinavian 
language or English. Design considerations in relation to new forest edge 
establishments were restricted to planting.  
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3 State of the art for management and 
design of forest edges  

 
Today most forest edges in Sweden (and elsewhere) are the product of human 
activities, but the activity to manage them seems either self-evident or 
underexplored. Only very few forest edge management trials/experiments exist 
(e.g. Ferris-Kaan, 1989; Buckley et al., 1997a). Fragmentation trials (e.g. 
Bierregaard et al., 1992; Essen, 1994; Yao et al., 1999; Laurance et al., 2006; 
Santos et al., 2014) are not considered here, since they do not aim to 
manipulate the forest edge per se, but the amount and configuration of forest 
edges in the landscape. As a result, guidelines for forest edge management and 
design seldom clarify to what extend they are scientifically substantiated. This 
could either be explained by forest edges being too complex to generalise 
concerning management strategies and only being manageable in a site-specific 
perspective, or a lack of actual application of scientific studies of forest edges 
to a clear practical management realm. For example, most forest edge studies 
to date have addressed the response of different variables or organisms in 
relation to the forest edge (i.e. forest edge effect) and not the response of the 
forest edge structure and species composition itself in relation to 
management/design actions and environmental characteristics.  

Forest edges are a transition zone in research and in the landscape. 
Accordingly, this thesis has a cross disciplinary approach, drawing on and 
combining theories, methods and related knowledge from landscape 
architecture, silviculture and vegetation ecology. 
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3.1 Forest edges and landscape architecture 

Landscape architecture is a relatively young academic discipline, but has a 
substantially longer history as a practical discipline. One way of defining 
landscape architecture could therefore be to depart from the practice of the 
profession. As such, landscape architecture can be simplified as the art of 
solving problems/task concerning the spatial composition and structure of a 
given landscape and its elements using multiple analytical and communication 
tools and approaches. In this, involvement of other professions and knowledge 
cultures spanning natural, social and humanistic disciplines is essential.  

Architecture is substantially about creating and defining rooms and spaces 
using mainly built materials. Correspondingly, landscape architecture is to a 
large extent about creating and defining rooms using vegetation and other 
elements of the landscape. To define and articulate different outdoor spaces 
different types of vegetation edges have been conceptualised; e.g. hedges, 
shrub plantings and forest edges (Olsen, 1999).  

Being a strongly context-driven profession various design practices and 
styles have been developed reflecting the time period and geographical scope. 
During the past century this has been particular evident in a Scandinavian 
context. In the forest-poor landscapes of the nemoral zone of southern Sweden 
and Denmark, the focus was on the design of new vegetation volumes focusing 
on boundaries (sometimes referred to as the ‘Danish school’) (Bucht, 2002). In 
contrast, in the more forested and mosaic landscape of e.g. the Stockholm 
region, the approach was more on working with the existing vegetation, 
smoother transition zones and a naturalistic appearance (often referred to as the 
‘Stockholm school’) (Bucht, 2002). Although both of these and other 
landscape architecture approaches develop a large amount of vegetation edges, 
systematic evaluation and monitoring of different approaches has not been 
given much attention within the knowledge field (however, see Florgård (2000) 
and Gustavsson (2004) for exceptions). The focus has instead been largely on 
either stylising or borrowing inspiration from different vegetation elements 
found in the landscape (e.g. Rizell & Gustavsson, 1998; Olsen, 1999; 
Diekelmann & Schuster, 2002). Realising these ideas has then largely 
depended on the skills of the park/landscape manager (Bucht, 1997; 
Andersson, 2000).  

The design approach often applied within the landscape profession can be 
described in simplified terms as follows: Through explorative and often 
multiple approaches, the given problem/task is analysed. Based on this, a 
‘design’ concept is derived. This concept is then used as the guide against 
which subsequent practical decisions are weighted in the process of realising 
the final design solution. This of course is a coarse and partly crude way of 
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describing the profession and its practice. Nevertheless, it gives an idea of one 
of the backgrounds from which this thesis departs. Other knowledge fields that 
are particularly essential for the design and management of forest edges are 
vegetation ecology and silviculture. In the following section, the inputs and 
approach of these knowledge fields are briefly reviewed and discussed. 
Following this, the literature on the resulting planting design approaches and 
management approaches is reviewed. 

3.2 Forest edges and silviculture 

Within forestry, silvicultural systems have been developed to regulate stand 
structure and species composition to fulfil the needs of society in tandem with 
environmental and technical/practical constraints (Puettmann et al., 2008). This 
is achieved through different regeneration methods that can be classified 
according to Mayer (1984) and Puettmann et al. (2008) based on: 

 
 Strength (amount of overstorey left) 
 Spatial arrangement  
 Influence of edge/neighbouring stand (context) 

 
Silviculture - just as landscape architecture - is an art and a science, and most 
silvicultural systems have been developed by refining local practices and 
experiences (Nielsen, 2006; Puettmann et al., 2008). This, together with the 
need to work with systems with an extremely long time horizon, has promoted 
strong traditional thinking (Puettmann et al., 2008). Implementation of new 
concepts and ideas, both in landscape architecture and silviculture, often 
benefits from relating to existing practice and knowledge cultures (Argyris, 
1993; Persson, 1997; Nielsen, 2006). The scientific testing and development of 
silvicultural systems to date has had a strong connection to classic agricultural 
research approaches, where homogeneous test conditions and classical null 
hypothesis testing for optimisation of crop production (trees) have been the 
norm. The scientific desire for homogeneous trial plots and the strong focus on 
yield and timber quality have meant that other important parts of the landscape, 
such as stand edges, have been avoided in forest management experiments 
(Puettmann et al., 2008).  
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3.3 Forest edges and vegetation ecology 

In contrast to silvicultural research, the science of ecology did not originally 
evolve to solve specific problems, but to understand the patterns and 
mechanisms that determine how species are distributed and co-exist. How to 
actually approach the statistical testing and modelling of such complex and 
noisy systems is still the subject of debate (Austin, 1980; Hobbs & Hilborn, 
2006; Jansen & Oksanen, 2013). From the pioneering work of e.g. Whittaker 
(1956, 1967) and the following breakthrough in providing suitable analytical 
tools (e.g. ter Braak 1987) to the inclusion of species traits20 (e.g. Garnier et 
al., 2007; Kleyer et al., 2008, 2012), this field of study has helped build an 
understanding of how vegetation assembles and varies over longer 
environmental gradients. Generally ‘well-defined’ communities of plants, such 
as meadows and their composition, have been studied over large gradients (e.g. 
Whittaker, 1956; Lepš & Šmilauer, 2007). In other studies, the response of 
species or environmental variables across the gradient from open to closed 
forest, i.e. the gradient of the forest edge itself, has been examined (Marozas et 
al., 2005; Hamberg et al., 2010a).  

 

3.3.1 Assembly of forest edges 

Many forest edge studies have contributed new information on how the forest 
edge species composition changes from open land to closed forest, i.e. the 
gradient of the forest edge itself (e.g. Kubíková, 1971; Wales, 1972; Dierschke, 
1974; Chen et al., 1992; Hansson, 2000; Euskirchen et al., 2001; Harper et al., 
2005; Alignier & Deconchat, 2013). However, forest edges are also located on 
a continuum of larger environmental gradients than the edge itself. Work in 
central Europe (e.g. Ellenberg, 1988; Coch, 1995; and references therein) using 
a phytosociological approach clearly points to the existence of different forest 
edge communities. However, one might expect that such communities overlap 
each other as different species map onto different parts of environmental 
gradients (Whittaker, 1967; Ries et al., 2004).  

                                                        
20. Trait: A trait is a surrogate of organismal performance (Violle et al., 2007) and is a defined 

property of organisms used comparatively across species or communities (adapted from McGill et 
al. (2006) and Garnier et al. (2007)). As multiple traits often relate, or are included in, a specific 
plant strategy, e.g. stress tolerance to drought (Stahl et al., 2013), this thesis adopts a wide and 
inclusive approach to the trait terminology. This means that proxies for complex suites of traits 
for a certain strategy are employed as interpretation instruments. 
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In their review, Götzenberger et al. (2012) conclude that plant community21 
assembly rules 22  depend on filters constituted by ecological filters 23  of 
dispersal, abiotic environments and biotic interactions, while some authors 
(e.g. Keddy 1992) add disturbance regime as a separate class. Departing from 
this, the assembly of species in a forest edge can be believed to relate to some 
of the processes described below.  

Abiotic gradients provide the underlying resources which species, 
depending on their traits, have to survive and utilise, which drive biotic 
interactions through competition24 and facilitation25 (Connell & Slatyer, 1977; 
Callaway & Walker, 1997; Grime, 2001). Woody species have adapted to this 
through handling stresses of shade, drought and waterlogging (Niinemets & 
Valladares, 2006). However, edge effects may modify these abiotic amplitudes 
through higher temperatures (Geiger, 1965; Matlack, 1993a), nutrient 
deposition (Weathers et al., 2001) and available light compared with inside the 
forest (Matlack & Litvaitis, 1999). Forest edges also affect the movement and 
abundance of different animal species, which can give rise to biotic regulations 
through changes in herbivore disturbance (Wirth et al., 2008), as well as 
propagule predation (Kollmann & Buschor, 2003; Guzmán-Guzmán & 
Williams-Linera, 2006). Furthermore, the structure of the forest edge affects 
these biotic and abiotic relations. Through changes in seed dispersal 
(Cadenasso & Pickett, 2001; Devlaeminck et al., 2005) and changes in edge 
penetration of abiotic variables such as wind and light (Williams-Linera, 1990; 
Didham & Lawton, 1999; Hamberg et al., 2009a; Ruck et al., 2012), these 
abiotic and abiotic assembly rules may also be related to the spatial landscape 
structure26 (Sarlöv-Herlin & Fry, 2000; Götzenberger et al., 2012; Schindler et 

                                                        
21. Community: A collection of species occurring in the same place at the same time (Fauth et 

al., 1996). 
22. Assembly rules: Following the reasoning of Götzenberger et al. (2012), assembly rules are 

any constraint on species co-existence, as seen as restrictions on the observed data pattern. As 
such, assembly rules represent constraints on community composition and structure due to 
ecological filters of dispersal, abiotic environments, biotic interactions (Götzenberger et al., 2012) 
and disturbance regime (Keddy, 1992). 

23. Ecological filter: The concept that different aspects of the environment act as filters or 
sieves to remove (filter away) species that are not adapted to the given environmental 
characteristics (adapted from Keddy (1992) and Diaz et al. (1998)). 

24. Competition: The tendency of neighbouring plants to utilize the same quantum of light, 
nutrients, water, and space (according to Grime (2001)  

25. Facilitation: Interaction between organisms that benefit at least one of the participants and 
cause harm to neither (Stachowicz, 2001). 

26. Landscape structure: The spatial pattern of the entire landscape mosaic (at a given scale). It 
can be quantified (or at least approximated) with landscape-level metrics and includes aspects of 
both landscape composition and configuration (adapted from Turner et al. (2001) and McGarigal 
et al. (2012)). 
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al., 2013), both for the dispersal of the species (Grashof-Bokdam, 1997; Cain 
et al., 2000) and for the controlling effects of herbivory (Kie et al., 2002; Wirth 
et al., 2008; Månsson et al., 2012).  

These layers of the selection process from regional via local to the actual 
community have been conceptualised as hierarchical filters27 acting at different 
scales to set the rules for assembly (de Bello et al., 2013). However, there are 
other definitions of assembly apart from this broad form, which is adapted 
from Götezenberg (2012). For example, Hubbel (2001) distinguishes between 
niche assembly and dispersal assembly and proposes that biodiversity patterns 
of trees in forest are largely explained by dispersal processes. An important 
aspect of assembly in relation to management and restoration efforts is the idea 
of dynamic filter28 models, where the influence of different filters changes over 
the course of succession (Temperton et al., 2004).  

However, studies of woody species composition in forest edges (i.e. the 
main component to be managed) in relation to longer complex environment 
gradients and multiple scales are rare (for exceptions see Trammell et al., 
2011a; Arenas et al, 2015).  

3.4 Forest edges – a transition zone in research and in the 
landscape 

In short, landscape architecture, silviculture and ecology provide important, but 
also very different, research perspectives and supplementary methodological 
approaches for advancing knowledge about forest edge development. 
Landscape architecture has through its practice emphasised the need for 
working with both existing vegetation and planting in the development of 
suitable forest edges and how different structures can support different 
functions and design aspects. Ecological studies have conceptualised how 
communities assemble and contribute knowledge about the effects of forest 
edges on a range of organisms and, based on this, have given advice on how 
forest edges ‘should’ look. Silvicultural research has provided frameworks and 
systems for manipulating woody species structure and species composition to 
meet different objectives identified by society, owners and/or stakeholders, but 
mainly for forest stands, while there is a lack of studies directly addressing 
forest edge management and design. 
                                                        

27. Hierarchical filtering: The concept that filtering of species in the assembly of communities 
is hierarchical where global, regional and local species are related and filtered at different scales 
(adapted from Temperton et al. (2004) and de Bello et al. (2013). 

28. Dynamic filtering: The concept that ecological filters change in relation to each other and 
these effects change over time in relation to succession and disturbances (adapted from 
Temperton et al., 2004). 
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3.5 Forest edge management approaches   

Edge strip cutting systems (e.g. Wagner’s (1912) ‘Blendersaumschlag’ 
approach and its predecessors originating in Germany) can be regarded as one 
of the oldest silvicultural systems relating to forest edge contexts. However, 
these systems were developed to minimise windfelling and to moderate 
microclimate in order to support regeneration as part of successive stand 
replacement (Troup, 1928). As such, they do not concern the management of 
more or less stationary forest edges to promote specific forest edge structure 
and functions.   

The largest number of studies of forest edges in relation to environmental 
conditions can probably be found within a German context. For example, Coch 
(1995) summarises the faunistic and floristic relations in forest edges for a 
German context. As in many other management recommendations for forest 
edges, the use of grazing as a suitable management strategy is elaborated upon, 
but the applicability of this for urban and especially infrastructure 
environments is limited. The mechanical management options available are of 
more relevance in an urban and infrastructure context. 

Based on a study of four different forest edges in Germany, Pietzarka & 
Roloff (1993) conceptualised a dynamic forest edge management model with 
four phases. In the first phase, the forest edge is located away (approximately 
30 m) from the land use that restricts its horizontal advance in space (i.e. the 
‘border’). During the second phase, the forest edge advances towards the 
border, leading to a graded forest edge profile. During the third phase, before 
the forest edge has reached the border, the interior part of forest edge is thinned 
to support the development of an “interior new edge”. In phase four, this 
“interior new edge” becomes the new starting point for the forest edge advance 
as the vegetation in front is cut down and the situation is more or less back to 
phase one and restarts from there. However, the structure of the forest edge 
profile advance is conceptualised in different ways between the strip cutting 
proposed by Wagner (1912) and the model of Pietzarka & Roloff (1993).   

 

3.5.1 Zone cutting with different intervals  

One of the more articulated forest edge management guidelines, which 
summarises knowledge from England, has been produced by Ferris and Carter 
(2000). It is based, among other sources, on the seminal work edited by Ferris-
Kaan (1989) in which Anderson & Buckley (1989) address the imbalance of 
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forest edge studies on single animal species, and not the edge as such, and state 
the need for selective forest edge management approaches. The resulting 
recommendation in Ferris & Carter (2000) is a zone cutting method that can be 
applied intensively or extensively. The extensive application divides the forest 
edge into two zones, where the outer is cut in cycles of 1-3 years and the inner 
every 4-7 years. This approach is generally recommended for rides29 with a 
width of up to 20 m, i.e. an edge cross-section 30<10 m. For forest edges with 
an edge cross-section wider than 10 m, those authors recommend a more 
intensive application that divides the edge cross-section into three zones, where 
the outer is cut at intervals of 2-4 years, the middle zone every 4-8 years and 
the inner zone every 8-20 years. While intensive application of the zoned 
cutting method is argued to be beneficial for the wildlife, both management 
intensities should ideally be applied to different compartments over a long 
time, i.e. each zone should be cut into sections/compartments of 50-100 m edge 
in different years. This means that there will be different stages of the forest 
edge succession available at all times within a certain area. The challenge for 
managers is the logistical constraints that such different time intervals impose, 
especially in infrastructure environments.  

3.5.2 Non-selective coppice of forest edges 

Parts of the experimental set-ups reported in Ferris-Kaan (1989) were later 
evaluated by the benchmark papers of Buckley et al. (1997a, 1997b). The work 
by Buckley et al. was novel since prior to that study, forest edge management 
and its effects over time had seldom been reported in scientific articles. The 
management option they tested was total clearance of parts of the forest edge in 
different forms, such as strips, scallops or large “bays”, and the following early 
succession of the vascular vegetation. Total cutting of certain parts of forest 
edges is common practice in the British Isles. It is also mentioned in Germany 
by Coch (1995) as cutting of “saum und mantel”, although Coch questions its 
long-term economic suitability on fertile sites. In 2007, the Dutch Ministry of 
Agriculture, Nature and Food Quality introduced subsidies for either strip 
cutting of forest edges or letting the forest advance forward to create a more 
graded forest edge profile (Non & de Vries, 2013). All subsidy claimants chose 
the strip cutting option (Non & de Vries, 2013), manifesting the practical 
problems of relying on advancing forest edges as a management strategy. 

                                                        
29. Ride: A linear open space through a forest established through a need for access. A path or 

track becomes a ride when it is wide enough for there to be a distinct continuous gap in the tree 
canopy above the ride (adapted from Ferris & Carter (2000) and Stephens (2005)). 

30 . Forest edge cross-section: The width of the forest edge perpendicular to the main 
elongation of the forest edge. 
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Nevertheless, evaluations in 2012 showed that the strip cutting had a positive 
effect on butterfly abundance and richness, probably due to the increased 
nectar availability identified (Non & de Vries, 2013).  

3.5.3 Selective approaches and additional planting 

In Sweden, Rydberg (2000) and others have pointed out the problem of non-
selective coppice operations in urban contexts and advocate selective coppicing 
methods such as a maximum height model for low stands, where only species 
over a threshold height are coppiced. Based on observational studies of 
existing forest edges (i.e. not the management of edges per se) in Denmark 
(Andersen & Hübertz, 1994), the general advice is also to apply selective 
cutting of at least 15-20 m of the outer forest edge, preferably together with the 
planting of shrub species in front of and inside the forest. This Danish report 
also states that forest edges are beneficial both for timber production in the 
stand and biodiversity when they are developed and managed as forest edges 
and not as conventional forest stands (Andersen & Hübertz, 1994). Planting of 
shrubs in front of the existing forest edge to promote a more graded forest edge 
is also advocated by Wuyts et al. (2009) to increase the filtering capacity. 
Planting in relation to existing forest edges has attracted more scientific 
attention than other development strains for forest edges, but often as a way to 
create ‘experimental’ field gradients of shade and/or exposures to wind, light 
and seed predation, and not as a way of actively supporting a given forest edge 
type or structure (Meiners et al., 2002; Lopez-Barrera et al., 2006; Fajardo & 
McIntire, 2011; van Zonneveld et al., 2012).  

3.5.4 Rights of way and scrub management  

Rights of way management (ROW) and management of scrub vegetation are 
areas with clear connections to forest edge management. In the United 
Kingdom, a major review was carried out on scrub management by Day et al. 
(2003). Acknowledging the small amount of research in the area, the review 
was largely based on sources spanning from single observations to expert 
judgments and technical reports. The main advice given in the review concerns 
how to achieve a management goal, e.g. to increase, enhance, maintain, reduce 
or eliminate scrub vegetation, and it provides an overview of the management 
options that can be used for this, e.g. planting, grazing/ browsing control, 
coppicing, controlled burning, grubbing and herbicide application. However, 
the focus is on the management option to use for each aim, not how the 
different management options can be adapted in different ways to support a 
certain structure or species composition through e.g. coppicing or selective 
thinning. In contrast, ROW management research has focused mainly on the 
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enhancement of scrub and herbaceous vegetation to slow down succession and 
tree dominance31 as a more sustainable risk management in e.g. power-line 
corridors than traditional non-selective management (e.g. Bramble & Byrnes, 
1983; Nowak & Ballard, 2005). This research has its main origins in North 
America and much departs from the use of different herbicides as part of 
selective management aiming to enhance shrubs and reduce trees (e.g. Dreyer 
& Niering, 1986; Luken et al., 1994) and evaluate the effect on wildlife and 
flora (e.g. Bramble et al., 1997; Yahner et al., 2001; Yahner & Yahner, 2007; 
Yahner et al., 2008). A feature in common to both scrub and ROW 
management is general support for active selective management approaches to 
support more low-growing woody communities and a belief that such habitats 
can make an important contribution to species diversity in the landscape.  

In short, although diverse, graded forest edges are often put forward as a 
desirable management aim, documented management concepts for forest edges 
in terms of content and scope is lacking. The number of management concepts 
that have actually been scientifically evaluated is even fewer. Existing in the 
transition between high forest and coppice systems, scrub management and 
vegetation control in ROW environments do not seem to have given rise to 
many hybrid or crossover approaches to management concepts. Accordingly, 
the Swedish Environmental Protection Agency has raised concerns that forest 
edges are not sufficiently targeted by environmental subsidy schemes, which 
promote more easily managed nature types, and that there is lack of tools for 
recreation-based management that maintains and develops recreational nature 
and heritage values simultaneously, especially in urban areas 
(Naturvårdsverket, 2012). 

3.6 Planting design of forest edges 

3.6.1 Full-scale planting of forest edges 

In afforestation projects, Blakesley (2006) suggests planting a minimum of 
three rows of shrub-dominated species mixtures along the borders of forest 
stands as a way of increasing diversity and multifunctionality. Similarly, 
Blakesley et al. (2010) emphasise that the development of forest edges is one 
of the most important actions for wildlife in species-poor farm woods in the 
UK. In Denmark, a scheme providing subsidies for afforestation demands 
specific forest edge plantings with widths of either 10 or 20 m depending on 
                                                        

31. Dominance: The advantage over other species gained in acquiring resources through large 
(total) size. Dominance often changes in plant communities through succession. At an early stage, 
a surplus of individual plants or stems often leads to dominance. In later successional stages, 
growing tall and wide often leads to dominance (Grime, 2001). 
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the compass aspect (Naturstyrelsen, 2013a, 2013b). In contrast, the standard 
Danish planting design handbook for landscape architects “Planter i miljøet” 
by Olsen (1999) states that only one to two rows of specific edge planting are 
needed and natural processes will do the rest of the work in creating more 
graded, species-rich forest edges.  

3.6.2 Selection of species and how much of each? 

Blakesley (2006) suggests that the planting design should be drawn up using 
species and their relative abundance, as identified in regional scrub vegetation 
types (Rodwell, 1991). However there is strong reason to believe that species 
composition and proportions at an initial stage of afforestation are not directly 
comparable to those in later stages of the vegetation (Stanturf et al., 2001; 
Andel & Grootjans, 2006; Richnau et al., 2012). Studies exploring how species 
composition changes over time in forest edge plantings are rare, however. The 
same appears to be true for more natural forest edges. Longitudinal studies of 
forest edges have instead employed quasi time series where younger edges are 
compared with older (e.g. Chabrerie et al., 2013). Such information could help 
inform planners and managers on how to calibrate the relative dominance and 
abundance of the species over time. This is important, since assembling all 
species at once does not take into account the fact that species composition and 
structure in mature edges is probably the product of competition, facilitation, 
stress and disturbances fluxes over time. For example, trees in a mosaic forest 
edge might be the product of initial32 or relay 33floristics (Egler, 1954), so 
including all desired tree species at the initial planting may have different 
effects.  

3.6.3 Plant spacing – controlling horizontal heterogeneity at establishment 

In afforestation projects, plant spacing (range 1-3 m) similar to those applied in 
forest stand has often been utilised for forest edges (Gustavsson & Ingelög, 
1994; Hodge, 1995). To promote structural diversity, some authors discuss the 
option of using random plant spacing within rows (Blakesley, 2006; Nielsen & 
Jensen, 2007). Some guidelines instead suggest the higher stem density often 
found in the outer part of the edge (Ranney et al., 1981; Williams-Linera, 
1990) and propose denser plant spacing distance in the outer rows as an 
alternative (Rizell & Gustavsson, 1998). Similar effects to using random plant 

                                                        
32. Initial floristics: All species establish approximately at the same time after disturbance but 

assert dominance at different times (Egler 1954; Oliver & Larson 1996). 
33 . Relay floristics: A group of species establish after disturbance and are with time 

successively replaced by other species groups i.e., the successive appearance and disappearance 
of groups of species in the development of vegetation (Egler 1954; Oliver & Larson 1996). 
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spacing could be to include non-planted areas within the forest edge (Rizell & 
Gustavsson 1998). However, for practical reasons and subsidy requirements 
(e.g. in Denmark) regular spacing at planting through the whole edge section is 
often employed. Although this approach often supports a high survival rate, it 
might conflict with ambitions of higher structural complexity (Gunnarson & 
Gustavsson, 1989).  

3.6.4 Edge aspect and planting 

Forest edges facing south-east, south, south-west and west (in the northern 
hemisphere) are relatively more exposed to solar radiation than other compass 
aspects (Geiger, 1965; Chen et al., 1993; Matlack & Litvaitis 1999). For 
brevity, these are referred to hereafter as ‘exposed’. They are therefore 
generally warmer and drier (lower levels of air and soil humidity) due to higher 
evaporation than in east- and north-facing edges (referred to hereafter as 
‘unexposed’) (Geiger, 1965; Matlack, 1993a). This implies less stress from 
shading but higher drought stress in exposed edges compared with unexposed. 
However, the main wind direction during the vegetation period should also be 
considered, since it will increase evaporation. To complicate matters further, 
the structure of the forest edge will influence the amount of radiation and wind 
penetrating into the edge (Didhamn & Lawton, 1999; Hamberg et al., 2009a; 
Ruck et al., 2012).  

3.6.5 Spatial composition of species mixtures 

At planting, species mixtures can be composed spatially in many different 
ways (Hodge, 1995) (Figure 3). First, the species or group of species can be 
planted in a specific order (referred to as designed by Stanturf et al. (2014a)). 
This can be done either on a single plant level (Figure 3a), group level (Figure 
3b) or for certain planting rows or zones (Figure 3c). The opposite to this is 
randomisation of the species (also called “intimate mixtures” by Hodge (1995) 
(Figure 3d) or the groups (Figure 3e). They can also be used in combination 
(Figure 3f), where certain species are planted in groups and the rest are 
randomised (sensu Hodge, 1995). Similar to this is the grouping of certain 
species in specific rows with randomisation of the other species (Figure 3g).  



33 

 
Figure 3. Possible spatial patterns of species mixtures: a) ordering of single plant species, b), 
ordering of groups, c) planting rows or zones, d) randomisation of species, e) grouping of species, 
f) a combination where certain species are planted in groups and the rest are randomised, and g) 
grouping of certain species in specific rows with randomisation of the other species. 
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Different views concerning forest edge planting design are represented in the 
literature, for example Blakesley (2006) advocates randomised mixtures for the 
creation of graded edges with a naturalistic appearance, while Gustavsson & 
Ingelög (1994) and Dunnet (2004) give examples of single species group 
mixtures to achieve the same appearance.  

 
In summary, most of the planting and design guidelines are interpretations of 
knowledge derived from studies of more ‘natural’ forest edges that have more 
or less merged with different existing afforestation and landscaping practices. 
However, mimicking certain patterns found in existing forest edges might not 
always lead to the desired structure and species composition. Accordingly, the 
evident divergence in guidelines on forest edges planting design can be 
regarded as a reflection of the lack of empirical evaluations of trade-offs 
between different planting designs.  
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4 Research design 

Integration of forest structures into urban and infrastructure development can 
be simplified as departing from two main starting points: Either the built 
environment is integrated into the existing forest structure, or the forest 
structure is added through planting on non-forested land. In forest-dominated 
landscapes, the frame for forest edge development often departs from existing 
vegetation or regrowth, whereas in forest-poor landscapes the woody 
vegetation is often installed through active planting. Based on these options, 
two main starting points for design and management of graded forest edge are 
developed in the thesis. Viewed from the perspective of forest landscape 
restoration, these two starting points can be described as ‘ecological 
reconstruction’, where land use is changed to forest, in this case through 
planting, and ‘ecological rehabilitation’, where the restoration efforts are 
intended to guide natural regeneration through management interventions to 
promote desired species, composition, processes and structures (Hahn et al., 
2005; Stanturf et al., 2012, 2014a, 2014b).  

4.1 Aristotle’s four causes as a framework for forest edge 
development  

Aristotle (350a;b BC) described four types of causes which have long been 
influential on the scientific discourse, but also debated and criticised (as is 
basically all philosophy and science), often for their “shortcomings” 
concerning “the final cause” (Falcon, 2015). However, when viewed as four 
ways of interpretation (Falcon, 2015), the four causes can be used as a 
framework for understanding and explaining forest edge development, since 
they touch on both natural explanations and human action/artistic production 
(here perceived in its widest sense). A classic example is the production of a 
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bronze statue, which is comparable to the active development of a forest edge 
in terms of:  
 The material cause: the bronze of the statue or the species growing in the 

forest edge 
 The formal cause: the shape of the statue or the form/structure of the forest 

edge 
 The efficient cause: the art of casting the statue or assembly and succession 

of the forest edge (in relation to design and management) 
 The final cause: portraying the subject of the statue and of the forest edge… 

 
From a ‘pure’ positivistic perspective, the forest edge has no final cause and 
the species in the forest edges have no wish or will to promote certain 
ecosystem functions or services. These are causes that we seek as humans, or 
models for understanding and explaining how to achieve this. Interpreting 
forest edge development therefore has to be viewed in light of the end goal, 
whether it being nature conservation, aesthetics or supporting pollination. 

Assuming that functions (i.e. final cause) of the forest edge are given by its 
species composition (material cause) and structure (formal cause), the art of 
developing forest edges is hence about ‘mastering’ assembly and succession in 
relation to species, structures and management goals. At planting, one of the 
major filters for the initial species composition is the actual designer. Based on 
different criteria, suitable species are chosen and spatially assembled. Such 
design decisions are preferably informed by knowledge concerning natural 
filtering processes in the assembly of vegetation. When working with 
‘ecological rehabilitation’, understanding the filters for species assembly is 
equally important for managerial decision making. The development of the 
species composition and vegetation structure starts from its initial stage and 
can be steered by manipulating the interactions between different species. For 
this, managers need suitable management systems. In Papers I and II in this 
thesis, the emphasis is therefore on understanding assembly and dynamics in 
the early succession of planted and naturally regenerated forest edges to 
provide an empirically substantiated base for conceptualisation of design and 
management concepts for graded forest edges (Papers III and IV).  

The first starting point for the research was the experimental forest called 
Alnarps Västerskog, in southern Sweden, which was established through 
planting on former agricultural land in 1994. The second starting point was a 
situation where the forest edge had been newly cleared and the regrowth had to 
be managed. This work focused on the railway line Södra stambanan 
(hereafter Southern Main Line) between Stockholm and Malmö, which 
widened its management corridor on a single occasion in 2008. Besides 
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exemplifying two different starting points, each of the selected settings 
provided additional aspects of methodological relevance. Alnarps Västerskog 
provided the possibility to explore the vegetation dynamics over time (up to 20 
years), together with different aspects of planting design. Southern Main Line, 
on the other hand, provided possibilities to assess the influence of long 
complex environmental gradients and landscape context. As a commonality, 
both starting points addressed the development of forest edges in an early 
succession stage with a stationary (fixed) position in the landscape. Both 
starting points were studied in the field to provide an empirically substantiated 
base (Papers I and II) for conceptualisation of management systems (Papers III 
and IV), which were then implemented in three full-scale field trials to enable 
future empirical evaluation. Following the reasoning of Peirce (1868a, 1868b, 
1869, 1877) and the interpretation of this by Douven (2011), in simplified 
terms abduction was used for selecting starting points. An inductive approach 
was used in Papers I and II, followed by abductive conceptualisation of the 
management concept and induction of its properties in Papers III and IV. 
Finally, establishment of controlled field trials allow for future more deductive, 
hypothesis-testing research.  
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5 Starting points, field studies and 
conceptualisation 

A schematic overview of the relations between objectives, data collection and 
analytical approaches is provided in Table 1. The effect of planting design on 
forest edge structure, species composition and spontaneous woody vegetation 
(Objective A) was assessed in Alnarps Västerskog using different univariate 
analysis of field inventory data from 2010 together with background data from 
1994 (Paper I). The results from these analysis informed the conceptualization 
and evaluation of the initial effects of a management system (objective C) 
termed Zoned Selective Coppice (ZSC) using simulations of the field inventory 
data from 2010 and data from an additional field inventory in 2013 (Paper III). 
These are presented as one of the trials established within the thesis work 
(Chapter 6). Decisive environmental characteristic at different spatial scales for 
woody species assembly of forest edges (objective B) were identified from 
field inventory data along SML in 2011 using multivariate statistics (Paper II).  
The decisive environmental characteristics were then used to support the 
clustering of the SML data from 2011, and subsequently conceptualization of 
Functional Species Control (FSC) as a management system (objective C) and 
its relations to the different regrowth types identified (Paper IV).  
 
In the following an extensive description of the individual papers and their 
interrelationships is provided.  
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Table 1. Overview of how the studies are related concerning objectives, data and methods 

Paper I              III II                  IV 
 

Starting point Alnarps Västerskog 

 

Southern Main Line 

Type of starting point planted/designed natural regeneration  

Main Empirical background study X  X (x) 

Main Conceptualization of 
management concept 

 ZSC  FSC 

Simulations of management 
concept 

 X   

Conceptualization  of planting  
design concept 

X    

  
Data     

AVS planting data 1994 x x   

AVS edge section inventories 2010  x x   

AVS edge section inventories 2013  x   

AVS transect inventories 2010  x    

SML Presence-Absence    x  

SML Subplot  level 1 (NMC)   x x 

SML Subplot  level 2 (NMC)   x x 

SML Subplot  level 3 (NMC/Stand)    x 

SML Data Subplot  level 4 (Stand)   x x 

SML Data Subplot  level 5 (Stand)   x x 

  
Main responses     

Species composition   x x 

Individual species x x  x 

Vegetation structure  x x  x 

  
Explanatory Environmental 
characteristics 

    

Only as background information x x   

Soil characteristics   x Selected 

Stand structure characteristics   x Selected 

Climate characteristics   x Selected 

Landscape characteristics   x Selected 

  
Main Statistical Methods     

GLMM related to edge effects x   x 

GLMM of individual species x    

Paired tests x    
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Paper I              III II                  IV 
Regression  x   

Ripley´s point pattern  x   

3D graphs  x   

Diversity curves   x   

Ordination   x  

Variation partioning   x  

Clustering    x 

Heatmaps    x 

Multivariate regression Tree    x 

  
Interpretational ´Trait` data     

Dispersal type x  x  

Seed weight x  x  

Insect pollination   x  

Growth-form x   x 

Height  x x  

Shade tolerance x  x  

Drought tolerance   x  

Waterlogging tolerance   x  

Thorns x  x  

Sprouting   x  

     

 

5.1 Alnarps Västerskog - Starting point for ecological 
reconstruction through planting 

Alnarps Västerskog (AVS), where the research described in Papers I and III 
was conducted, is part of the Alnarp Landscape Laboratory. The AVS is a 9-ha 
rectangular experimental forest surrounding a north-south watercourse of 1 km 
with three ponds. Towards the east, it borders directly on the Swedish 
University of Agriculture Alnarp campus, on the west coast of southern 
Sweden, with its nineteenth century campus and park containing extensive 
dendrology collections. Arable fields separate AVS from the coastline 
vegetation to the west, while ornamental tree rows, green spaces and shelterbelt 
plantations in urban areas border it to the south and north. The local climate is 
sub-oceanic, with prevailing winds from the coast in the west. Mean annual 
precipitation is 535 mm and mean annual temperature 7.7 °C. The soil belongs 
to the Cambisols, with a loamy glacial till overlaid by fine sand deposits, and 
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has a long record of agricultural use prior to afforestation. The average pH 
(7.1) and average soil nitrogen concentration (0.005 mg g-1 dry weight) are 
homogeneous across the study site (Bubi, 2009).  

In 1993, afforestation of AVS was initiated to create a multidisciplinary 
research, demonstration and teaching platform by piping the watercourse and 
constructing the three ponds. In spring 1994, the forest and edges were planted 
with 1- to 2-year-old seedlings and cuttings (e.g. Salix caprea) at a spacing of 
1.5 m x 1.5 m. To reduce competition from weeds, the stand and edge 
plantings were mechanically weeded during the three first growing seasons. 
The whole AVS areas was fenced off for its first five seasons to reduce wildlife 
browsing. In 1998, the open areas bordering the forest edges were sown with a 
meadow mixture.  

Alnarps Västerskog contains 32 different stand types and 32 edge sections 
of at least 45 m length. The edge sections represent three overall typologies, 
referred to here as:  

1. Shrub edge: i.e. edge plantings only containing shrub and shrub-tree 
species, all of which are deciduous in this case. 

2. Mosaic edge: i.e. edge plantings containing a mixture of deciduous tree and 
shrub species.  

3. Tree edges: i.e. no edge planting along the perimeter of the stands, resulting 
in very abrupt edges. 
 

The edge typologies of shrub edges and mosaic edges were replicated with the 
following design elements: (i) narrow (three planting rows) and wide (six 
planting rows) edge sections; (ii) intimate species mixtures and single species 
groups of light-demanding, lower-growing shrubs in the two outermost 
planting rows; and (iii) an orientation facing a ‘warm’ exposed aspect (west 
and south) and ‘cool’ unexposed aspects (east and north). The tree edges (i.e. 
no edge planting) were implemented as borders of stands with different stand 
mixtures. No thinning or other management of the edges had taken place 
before the inventories for the present thesis in autumn 2010 and 2013, but the 
meadows had received one annual cut and the adjacent stands had been thinned 
once or twice, depending on the species.  
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5.1.1 Objectives for studies in Alnarps Västerskog  

The objectives were to evaluate how time and the design elements of width, 
mixture, exposure, edge typology and planting row had affected: 

 
 Vertical and horizontal edge structure (I) 
 Growth patterns and survival of individual species and species groups (I) 
 Abundance, composition and spatial distribution of spontaneous woody 

vegetation (I) 
 

And based on this conceptualize: 
 Planting design guidelines for species rich, graded forest edges (I) 
 Management system for the development and upholding of species rich 

graded forest edges (III) 

5.1.2 Summary of data collection in Alnarps Västerskog  

In 2010, all planted species in the shrub and mosaic forest edge sections, as 
well as all spontaneous seedlings of a size where the crown interacted with the 
crown of planted specimens, were measured to determine height, crown width, 
crown depth and position in the edge. In the tree, mosaic and shrub edges, the 
spontaneous vegetation was sampled using three randomly stratified transects 
per edge section. Each section was 16.5 m long and perpendicular to the edge, 
consisting of 11 adjoining cells of 1.5 m x 1.0 m. Three cells were located in 
the meadow, meaning that the outer planting row was always at the intersection 
between cells 3 and 4. For each cell, the numbers of seedlings and suckers per 
species were counted. 

In 2013, all the shrub and mosaic edge sections were re-inventoried except 
for one section that had undergone management. Height, survival and 
circumference at the root neck were measured for all planted species and all 
spontaneous seedlings of a size where the crown interacted with the planted 
specimens. For single-stemmed individuals, branching above 1.3 m diameter at 
breast height (DBH) was also measured. The decision to change measurement 
of the horizontal aspect from crown area in 2010 to root neck in 2013 was 
because the dense and thorny vegetation made crown diameter measurements 
hazardous and extremely time-consuming. Pearson correlation coefficient 
(Pearson’s r) calculations showed that the two measurements of the horizontal 
aspects were strongly interlinked.  
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5.2 Overview of data analysis for Alnarps Västerskog 

Overall, the aim of the studies in AVS was to investigate how the planted 
forest edges and their woody species had developed in relation to time 
(succession) and the different design elements of planting row, exposure, 
width, mixture and typology. The time aspects were analysed as the change 
from what was planted in 1994 to the observations from the inventories of 
2010. These observations were dependent on what was planted in 1994, so the 
comparisons were performed pair-wise using blocking, both for the edge 
sections as a whole (i.e. edge section 20 in 1994 against edge section 20 in 
2010) and for individual species (i.e. Corylus avellana in edge section 20 in 
1994 against Corylus avellana in edge section 20 in 2010). Because of the 
limited number and loss of replicates of the design elements, the different 
edges were compared in pairs where only one design element differed between 
the two edges in a pair, i.e. a type of blocking was used. For this, a separate 
blocking strategy was established for each design element, where each block 
was intended to capture most of the variation created by the other design 
elements.  

Owing to lack of suitable volume and biomass equations for shrub species, 
the comparisons for the individual species were performed using crown area 
for the horizontal aspect, height for the vertical aspect and the number of 
individuals for survival. To compare the edges as a whole within the blocking 
strategy, Shannon evenness index (adopted from Shannon & Weaver, 1962) 
normalised in relation to total species number was used as the univariate 
response, since it is not affected by some edges being wider and having more 
species planted. To get a simple indication of how prone the different edges are 
to developing a graded profile, a mixed general linear model with height as 
response and design elements and row placement as explanatory variables was 
used together with the blocking strategy.  

The planting design can influence the planted species but also the 
spontaneous vegetation; an important aspect in development of forest edges in 
relation to eventual management actions. Knowledge of the initial species 
composition and regular planting in rows made it possible to identify all larger 
spontaneous species (i.e. those large enough to compete for crown space with 
the planted species). Identifying all spontaneous small seedlings and root 
suckers for the whole edge section was not practically possible and therefore 
transects were used instead for this. To obtain an overview of which species 
arrive early or late in the succession of the planted forest edge, the large 
spontaneous species were compared with the smaller spontaneous species from 
the transects. To take into account the different sampling methods, the relative 
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proportions of different dispersal groups were compared using multiple Chi-
square independence tests.  

Earlier studies have found that edge exposure and edge typology can 
change recruitment and dispersal patterns (e.g. Brothers & Springarn, 1992; 
Sarlöv-Herlin & Fry, 2000). Therefore a comparison of the spontaneous 
vegetation divided into dispersal groups across the edge sections was 
performed using a split-plot model to avoid pseudo replicates, as transects are 
nested within the edge section (Quinn & Keough, 2002). An expanded 
blocking strategy was also used, to make it possible to explore the differences 
between planted and non-planted edges, i.e. tree edges.  

To aid the interpretation and presentation of the results, post hoc grouping 
of the results was performed in relation to the species strategies34 and/or traits 
of growth form, shade tolerance and dispersal. 

In summary, the analysis compared the change over time in planted species 
and the whole edge at AVS using non-parametric tests. To explore the effect of 
different design elements, an explorative blocking strategy was established to 
minimise the effect of the other design elements, which was deemed necessary 
due to the skewed original trial design and lack of replicates. The individual 
species development and edge profile were analysed using mixed general 
linear models. Species strategy concerning growth form, shade tolerance and 
dispersal strategy was employed as a way of grouping spontaneous vegetation 
for comparisons, and as a post hoc analysis tool to reveal patterns between 
different species groups/strategies. Differences in large established 
spontaneous seedlings for species groups were compared by Chi-square 
independence test. The spontaneous vegetation group (wind/endochory) in 
relation to the design elements and spatial edge position (edge effect) was 
analysed using general linear split-plot models.  

5.2.1 Summary of results from Alnarps Västerskog 

Single species grouping, with low-growing, light-demanding shrub species in 
the outer rows and hence more high-growing and shade-tolerant species further 
into the edge, gave a more graded edge profile. The greatest changes in 
evenness occurred at the horizontal aspect, i.e. competition in the horizontal 
aspect, gave rise to the largest change in dominance among species. The only 
design aspect that displayed a trend for influencing evenness was exposure of 
the edges, with a trend for less dominance shifts among the planted species. 
Among the individual species, the more light-demanding shrub species showed 

                                                        
34. Plant strategy: The adaptation of species to cope more or less with stress, disturbance and 

competition in their established and regenerative phases. In accordance with Grime et al. (2007), 
in this thesis plant/species strategy is considered to be synonymous with functional type. 
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poor development and the shade-tolerant shrub species had developed well. In 
contrast, the light-demanding tree species seemed to develop better than the 
more shade-tolerance tree species. The most influence design element for the 
individual species was the planting row, especially for species with ‘thorns’ 
(i.e. thorns, prickles and spines). The most common spontaneous seedlings 
were those whose main dispersal mechanism was by birds (endochory). There 
was a greater amount of larger pioneer wind-dispersed species and a very low 
amount of seedlings for this dispersal group, indicating that the window for this 
species group establishing closes as the forest edge matures. Furthermore, the 
amount of wind-dispersed seedlings was clearly lower in the shrub edges 
without larger trees. The number of bird-dispersed seedlings was supported by 
the plantation of specific edge mixtures compared with simple tree edges, and 
this effect was larger in the wider forest edge plantings with six rows.  

5.2.2 Conceptualising planting design based on Alnarps Västerskog studies 

The design element with the greatest impact on most species was the location 
along the edge cross-section (i.e. in which planting row). Therefore focusing 
the planting design towards this is key, since it also relates to amount of 
available light and space, which is closely related to growth form and shade 
tolerance. Concentration of low-growing shrubs in the front part of the edges 
also gave a more graded forest edge profile. The diverging development 
patterns of trees and shrubs in relation to shade tolerance shows that the 
possibility to affect their interactions is another key aspect of planting design. 
The finding that the greatest dominance change was the horizontal aspects 
reinforced the importance of controlling deliberate placement of species across 
the planting rows. Therefore, to achieve species-rich, graded forest edges, 
assembly of species should preferably be done by creating specific mixtures for 
different rows or cohorts of rows along the edge cross-section based on growth 
form and shade tolerance.   

5.2.3 Conceptualising management concept based on Alnarps Västerskog 
studies  

Since the distribution of species across the forest edge section in relation to 
growth form and shade tolerance is a central aspect for the development of a 
graded forest edge profile, a management system that supports and upholds 
such a distribution is vital. In the long run, the management concept should 
therefore promote a gradient of more low-growing, light-demanding shrubs in 
the outer parts to more high-growing and shade-tolerant species in the interior. 
As pointed out earlier, such gradients of different growth forms and species are 
normally found in relation to changes in environmental gradients (Gustavsson, 
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1986; Lloyd et al., 2000), repeated low-intensity disturbance such as light 
grazing (Gustavsson, 1986; Fry & Sarlöv-Herlin, 1997) or advance of the edge 
(Dierschke, 1974; Ranney et al., 1981). Therefore incorporating a gradient 
aspect within the management system is central. Zoned cutting at different 
intervals (Ferris & Carter, 2000) supports a gradient of successional stages 
along the edge cross-section, but as all species are cut there is no possibility to 
promote different species groups more actively.  

Furthermore, full clearing and non-selective coppicing are often perceived 
as visually negative, especially in urban contexts (Ribe, 1989; Rydberg, 2000) 
and can be expected to increase the edge effect into the stand. Rydberg (2000) 
devised a selective coppicing system especially for urban areas using a 
threshold height to avoid full clearing and trees growing too large. Supported 
by his results and theories on stand structure and disturbance presented by 
Oliver & Larson (1996), Rydberg (2000) concluded that repeated selective 
coppicing favours more shade-tolerant species over time. This also corresponds 
to the historic diameter at breast height based (DBH-based) selective coppicing 
system in Italy (Coppini & Hermanin, 2007), which utilises the shade-tolerant 
tree Fagus sylvatica. Depending on the threshold height, it is possible to 
control the amount of residual individuals left and hence also whether more 
shade-tolerant or more light-demanding species are favoured. Using a 
threshold height during repeated cycles also promotes more low-growing 
species, since they are generally below the threshold height. When repeatedly 
applying a threshold height that increases when moving inwards through the 
edge a gradient of height and shade tolerance will be developed. Since the 
change in threshold height would also create an initial gradient in thinning 
strength, this would promote more light-demanding species in the outer parts 
and more shade-tolerant species in the interior zone. Through repeated 
cuttings, fast-growing tree species can also be generally disadvantaged, since 
they will reach the threshold height faster than other growth types.  

This management approach is conceptualized as Zoned Selective Coppice 
(ZSC). Such zones should preferably correspond to a given number of planting 
rows, or the width of the cuttings strips used for motorised brush-saws in pre-
commercial thinning. The ‘selective coppicing’ part refers to selective cutting 
based on a threshold height and acknowledges the approach of Rydberg 
(2000), as well as the important aspect that the sprouting capacity of the 
species cut is essential and will affect the behaviour of the system (e.g. 
Giovannini et al., 1992), and should be utilised to support consistent upkeep of 
a forest edge structure and the functions to which it gives rise.  
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Figure 4. Conceptual figure of Zoned Selective Coppice, the red lines show the threshold heights 

5.3 Southern Mail Line - starting point for ecological 
rehabilitation  

Southern Main Line (SML) is a 610 km stretch of railway running from the 
third largest city in Sweden, Malmö, in the south to the capital, Stockholm. 
After severe problems with wind throws and related disturbances to railway 
traffic, the SML management corridor was one of the first railway corridors in 
Sweden to be enlarged (in 2008), from 10 to 20 m from the tracks on each side 
through clearing the nearest 10 m of forest edge. Thus the new management 
corridor (denoted NMC) for SML today is made up of the railway embankment 
and, on each side a 10 m band of old management corridor, which is managed 
to be free from trees and shrubs, followed by a 10 m band of recently cleared 
forest edge, where the management aim is to provide suitable forest edges 
without hazardous trees. 

On its journey through southern Sweden, SML passes through six of the 10 
geographical strata defined for Sweden within the monitoring programme 
NILS (Gallegos Torell, 2011). Spanning in altitude from 0 to 336 m above sea 
level, it provides a vegetation period ranging from 184 to 233 days. The 
average precipitation ranges between 600-900 mm per year and the 
accumulated temperature sum per year ranges between 1272 and 1789 degrees. 
This gives an overall slightly humid climate with an overall positive product of 
mean precipitation, after subtraction of evapotranspiration during the 
vegetation period, ranging between 33 to 156 mm, with an overall trend of 
decreasing towards the east. The soil type varies widely and includes glacial 
tills and sedimentary soils spanning from clayish to coarse sandy and gravel 
types. The more fine-textured soils are generally used for farming, while the 
more coarse-textured soils are often forested. This gives rise to different 
landscape compositions ranging from plains (as little as 6% forest cover) via 
mosaics to forest landscapes (as much as 94% forest cover). The dominant land 
cover is forest, with a total cover of 45% divided between conifer (26%), 
deciduous (8%), mixed (4%) and clearcut/regenerating forest (7%). (All 
background environmental data retrieved for 1000 m buffer around SML from 
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national GIS data (© Lantmäteriet i2014/00764, ©Naturvårdsverket, 
i2014/764; © SMHI i2014/00764) 

5.3.1 Objectives of studies along Southern Main Line  

 To identify environmental variables that are decisive for the composition of 
woody species of forest edges along Southern Main Line (II) 

 To assess the relative importance of soil, climate, vegetation and landscape 
structure characteristics for the woody species composition of forest edges 
along Southern Main Line (II) 

 To identify associations between the environmental characteristics 
identified and traits of woody species in forest edges along Southern Main 
Line (II) 

 To classify the regrowth with respect to woody species composition (IV) 
 To identify the most influential environmental characteristics for classifying 

and predicting the woody species composition into regrowth types (IV) 
 To identify ‘indicator’ species for the different regrowth types (IV) 
 To compare vegetation structure between regrowth types (IV) 
 To assess management possibilities to promote and control the species 

composition of the new management corridor in a direction promoting the 
development of graded forest edge profiles (IV) 
 

5.3.2 Summary of data collection along Southern Mail Line  

The field inventory of SML was conducted in autumn 2011, when 78 sites 
located through spatial stratified random sampling (i.e. sampling from subsets 
of 7 stands at a time) were inventoried. At each site, a plot of 35 m x 20 m was 
established so that half of it covered the new management corridor (‘NMC 
zone’, 10 x 35 m) and the other half the bordering forest stand (‘Stand zone’, 
10 m x 35 m). For each zone, the presence or absence of all woody species was 
recorded. Within the plot, four transects 10 m apart were located perpendicular 
to the railway. In each transect, five circular subplots were placed with their 
centres 4.5 m apart. Subplot levels 1 and 2 were hence in the NMC zone, 4 and 
5 in the Stand zone, and subplot 3 on the border between the two zones. This 
gave a total of 20 subplots per site. In each subplot, vegetation was sampled at 
three levels: a) within a 0.5 m radius, species and number of woody plants <1 
m height were counted; b) within a 1 m radius species, height and number of 
woody plants ≥1 but ≤5 m height were counted; and c) within a radius of 2 m, 
circumference at breast height (CBH) was measured for all specimens >5 m. In 
practice, this meant that level (c) was only measured in subplots 3-5. 
Furthermore, for level (b) the mean field layer height was measured and field 
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layer cover (using 10% intervals) was estimated. Browsing damage was not 
monitored, since this should be done in spring to be accurate. At plot level, the 
environmental characteristics shown in Table 2 were inventoried or calculated 
from the variables measured. Digital maps were used to obtain the humidity 
and temperature sum (Temperatursummor och humiditet, © SMHI 
i2014/00764) and altitude (GSD-Höjddata, grid 50+, © Lantmäteriet 
i2014/00764). ArcGIS 10.1 (ESRI, Redlands, CA, USA) was used to extract 
raster files and FRAGSTAT 4.1(McGarigal et al., 2012) to calculate the 
landscape metrics from the raster files. Base data were the Swedish Land 
Cover Data raster data with 25 m resolution (SMD - Svenska Marktäckedata, 
© Naturvårdsverket i2014/00764). The grids were reclassified into eight 
different types; urban, agricultural, semi-open, deciduous forest, mixed forest, 
conifer forest, clearcut/young forest and water. The same calculated landscape 
level metrics as used by Cushman et al. (2008) were calculated around each of 
the 78 site centres with radius 250, 500, 1000 m. Using the findings reported 
by Cushman et al. (2008) and principal component analysis (PCA) of the 
metrics (Manly, 2005), the landscape-level metrics in Table 2 were selected for 
further analysis. Based on the PCA analysis and the performance in the 
following analysis, a radius of 1000 m was selected for landscape metrics. The 
SLU Forest Map (kNN-Sverige 2010) for stand age was used to estimate the 
age structure of the forests within a 1000 m radius of the sites. Mean, max and 
standard deviation of stand age within this 1000 m radius were calculated using 
ArcGIS 10.1 (ESRI, Redlands, CA, USA). 

Table 2. Environmental characteristics inventoried or calculated from the variables measured 
along Southern Mail Line. Group: A) Soil variables related to site index35inventories (Hägglund 
& Lundmark 2007a, 2007b, 2010), B) Biotic variables, C) Climate variables, L) Landscape 
variables. All variables are used in paper II and only thus with an * on the group variable in 
paper IV.  

Variable Group Description 

Field layer type  A *  9 classes (Ordinal). Types are determined on the accumulated coverage rate 
of different indicator species and indicate the overall fertility of the site.      
i) tall herb type h) low herb type g) without field layer f) broad-leaved grass 
type e) narrow-leaved grass type d) bilberry type c) lingonberry type b) 
crowberry-heather type a) horsetail-sedge type (Hägglund & Lundmark, 
2010) 

    
Soil moisture A*  4 classes extended to 8 (Ordinal) in accordance with Ellenberg (1988). 

Estimations based on the geophysiographical conditions and reflecting the 

                                                        
35. Site index: A tree species-specific metric used to indicate site productivity as the average 

height of dominant and co-dominant trees at a specified age (usually 50 or 100 years) (Hägglund 
& Lundmark 2007a; Puettmann et al., 2008). 
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Variable Group Description 

average distance from the groundwater to the ground surface during the 
growing season. a)dry  b) slightly dry c) damp  d) slightly moist e) moist  f) 
slightly wet g) wet  h) very wet 

    
Organic soil 
type 

A  2 classes: If 30 cm or deeper peat layer  

Soil depth A  2 classes (Ordinal). Extensive >70 cm or Rather shallow 70-20 cm 

Subsurface 
water  

A  3 classes (Ordinal). Probability of subsurface water flow based on 
estimations from topography and slope length:  

   a) Missing/rare b) Shorter periods, c) Longer periods 

Spaghnum 
locality 

A  (Binary) No organic soil types with a greater cover than 1/8 of Sphagnum 
and Polytrichum commune Hedw. mosses.  

Soil texture  A  7 classes (Ordinal). Textural conditions were determined from a central plot 
sample from the mineral soil (50 cm depth) using standard field methods 
from Lundin et al. (2002). a) Gravel/gravelly till b) coarse sand/sandy till c) 
sand/sandy silty till d) fine sand/silty sandy till e) coarse silt/coarse silty till 
f) fine silt/fine silty till g) clay/clayish till 

    
Canopy Cover    B*  Estimated canopy cover within the stand plot, intervals of 5%. 

Edge Height B  Average height of the new forest edge. 

Dripline  B*  Average canopy dripline of the new forest edge 

CBH_Mean  B  Mean circumference at breast height  

CBH_SEM       B  Standard error of mean circumference at breast height 

CBH_StDev    B  Standard deviation for circumference at breast height 

CBH_Var      B  Variance for circumference at breast height 

CBH_CV  B*  Coefficient of variance for circumference at breast height 

CBH_Max    B  Maximum value of circumference at breast height 

CBH_Nr B  Numbers of trunks 

Slope C  Average slope of the location measured perpendicular to the new forest edge 

Humidity C*  Product of mean precipitation less evapotranspiration during the growing 
season.  

Tempsum C  Sum of all daily mean temperatures above 5 degrees Celsius during the 
growing season 

Altitude   C*  Metres above sea level 

Exposed    C  2 classes. ‘Warm’ edges with a south or west aspect are ‘exposed’, while 
‘cooler’ edges with a north or east aspect are ‘unexposed’ 

Age_Max  L  Maximum forest age in the landscape based on the SLU Forest Map 

Age_Mean L  Mean age of the forest age in the landscape based on the SLU Forest Map 

AgeStDev  L*  Standard deviation of the forest age in the landscape based on the SLU 
Forest Map 

LPI   L  Largest patch index 

AREA_CV L  Patch size coefficient of variation 
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Variable Group Description 

GYRATE_MN  L  Mean radius of gyration 

SHAPE_MN  L*  Mean shape index 

SHAPE_CV L  Shape index coefficient of variation 

PARA_MN L  Mean perimeter-area ratio 

PARA_CV  L  Perimeter-area ratio coefficient of variation 

CAI_MN L  Mean core area index 

PROX_MN  L  Mean proximity index 

PROX_AM L  Area–weighted mean proximity index 

ENN_MN L  Mean nearest neighbour distance 

ENN_AM  L  Area–weighted mean nearest neighbour distance 

ENN_CV L  Nearest neighbour distance coefficient of variation 

TECI L*  Total edge contrast index 

PLADJ  L  Proportion of like adjacencies 

IJI  L  Interspersion/juxtaposition index 

PRD   L  Patch richness density 

SIEI  L  Simpson’s patch evenness 

 

5.3.3 Overview of data analysis for Southern Mail Line 

Paper II explored environmental characteristics at site and landscape level 
influence on the woody community species composition (i.e. the collection of 
species together in the forest edge that should be managed). As management 
and wildlife will also affect the species present, it is of interest to compare 
different aspects of species composition. Thus it is not only the dominant36 
species that is of interest in all management objectives, although they might all 
be related to the same environmental gradients. For managers and planners, 
these gradients should preferably be represented/indicated by some easily 
obtained environmental characteristics that can be grouped to main aspects, 
such as soil conditions, vegetation structure, climate or surrounding landscape. 
Understanding the relative importance of such environmental groups (i.e. soil 
variables in relation to landscape structure) can guide management and 
planning actions. Following this reasoning, the environmental characteristics 
were grouped into four environmental groups: soil, vegetation structure, 
climate and landscape structure.  

For future prediction and recommendations on vegetation development, it is 
also useful to understand how the overall species strategies related to the 
environmental gradients. Species composition changes with succession and 
                                                        

36. Dominants: Species with a high dominance (major status) in the community at a given time 
(Grime, 2001). 
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therefore the young successional stage of regrowth in the new management 
corridor and the older stage of the stand were analysed separately. Following 
this reasoning, different ways of weighting the species in the community for 
the two different successional stages were applied  

Relations between communities and gradients for noisy vegetation data can 
be explored using unconstrained and constrained ordination (e.g. ter Braak 
1987). Simplified unconstrained ordination only tries to order the sites in as 
few dimensions as possible (axis), so that those sites with similar species 
composition are close to each other and those that are dissimilar are far apart. 
After ordination, it is possible to correlate different environmental variables to 
the ‘pattern of the ordination’ (Leps & Šmilauer, 2003). To test specific 
environmental variables, constrained ordination is preferable (Leps & 
Šmilauer, 2007; ter Braak & Šmilauer, 2015). In simplified terms, the 
ordination, i.e. ordering, of sites is constrained along the gradients (axis) of the 
environmental variables using a multiple regression approach. The more 
variables included, the less constrained the ordination becomes (Palmer, 2015). 
Including more than a handful of environmental variables essentially gives a 
type of unconstrained ordination. It is also possible to include co-variables to 
remove the influence of an aspect of interest (e.g. to control if some variables 
are strongly correlated) in constrained ordination (Borcard et al., 2011). This is 
referred to as partial constrained ordination. Using multiple partial constrained 
ordination, it is possible to divide, i.e. partition out, the explained variation of 
single constrained ordinations, so-called variation partioning (Økland & 
Eilertsen, 1994; Peres-Neto et al., 2006). This is usually illustrated by a Venn 
diagram where explained variation is represented by individual and shared 
areas in the diagram. As an interpretation and control tool, the environmental 
gradients defined can then be explored in relation to the average trait 
composition of each site using constrained ordination, e.g. to see if the ratio of 
zoochory (animal-dispersed species) is related to altitude or another 
environmental variable (Kleyer et al., 2012).  

Commonly used unconstrained ordination methods for species data are 
correspondence analysis (CA), detrended correspondence analysis (DCA) and 
non-metric multidimensional scaling (NMDS) (von Wehrden et al., 2009). 
Some authors state that NMDS should be the shotgun option (e.g. Minchin, 
1987), but others point out that it might have problems with long gradients 
(Hirst & Jackson, 2007) and that it misses well-developed constrained and 
partially constrained options (ter Braak & Šmilauer, 2015). Correspondence 
analysis can suffer from what is termed an ‘arch’ effect, which led to the 
development of DCA to resolve this, but in a rather coarse way (Borcard et al., 
2011). However, Jackson (1993) argues that CA is a robust method for field 
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data and in relation to data standardisations. Testing both can therefore be 
wise. Compared with DCA and NMDS, CA has a well-developed and tested 
constrained and partial constrained option, CCA, which also to a large extent 
resolves the arch effect problem with CA (Palmer, 1993, 2015). However, 
some others (not ter Braak and Šmilauer, 2015) claim that redundancy analysis 
(RDA) with suitable transformation (Legendre & Gallagher, 2001) is a better 
option than CCA for constrained ordination, partly because variance 
partitioning with CCA is troublesome (Peres-Neto et al., 2006). Given these 
diverging opinions, reflecting the complexity of multivariate data (Manly, 
2005), applying the different methods in parallel and comparing whether they 
give similar results has been deemed preferable and such an approach is 
advocated for multivariate analysis and its results by e.g. Austin (1985) and 
Dufrene & Legendre (1997). 

Based on this, determining and exploring the relationship between species 
composition and environmental gradients was carried out in Paper II using 
multiple ordination methods to ensure that each method’s possible pitfalls did 
not dominate. This led to the following analytical approach (as illustrated in 
Figure 5): 1) Species matrixes representing different succession stages with 
different weights in relation to measurement of dominant, subordinate37 and 
rare species were assembled. 2) The environmental characteristics of interest 
were divided into groups reflecting certain aspects of forest edge assembly 
(e.g. climate and landscape structure). 3) Unconstrained ordination was used to 
find a handful of environmental variables for each group that could be tested in 
constrained ordination. 4) Based on constrained ordination, together with 
partial constrained ordination to explore correlations between environmental 
variables, the ‘most parsimonious’ constrained ordination for each group was 
derived from the variables selected in step 3. 5) The relative importance of 
each group’s constrained ordination was then compared in relation to each 
other using variation partitioning, graphically illustrated by Venn diagrams. 6) 
Finally, as an interpretation and control, each environmental group’s gradients 
were compared with the average species traits of the sites using constrained 
ordination.  

                                                        
37. Subordinates: Species with a minor status in the community, i.e. they are subordinate to the 

dominant species that constitute the majority of the biomass. Subordinate although not quite 
dominant can have widespread occurrence (Grime, 2001). 
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Figure 5. Analytical approach for Paper II   

In summary, for the NMC zone and Stand zone, respectively three different 
species matrices were assembled giving more weight to rare species and 
transient species (denoted binary), subordinate species (denoted 1 to 8) and 
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dominant species denoted (stems/CBH). For the binary matrix, this was done 
using the presence/absence for the zones. Matrices 1 to 8 were based on 
number of presences/absences in subplots 1-2 (NMC zone) and 4-5 (stand 
zone). The matrix giving most weight to dominance was calculated for the 
NMC zone based on the number of stems in subplots 1-2 and for the Stand 
zone on the CBH in subplots 4-5. Each species matrix was analysed separately 
in multiple steps using different methods of unconstrained, constrained and 
partial constrained ordination to select the ‘best set’ of environmental 
characteristics for four variable groups: soil variables, vegetation structure, 
climate and landscape structure. Variation explained by these four groups in 
relation to each other was extracted and visualised using Venn diagrams. To 
provide verification and a better understanding of the environmental 
characteristics selected, they were analysed using constrained ordination in 
relation to the community-weighted means of the traits matrix calculated for 
each species matrix.  

 
Having a better overview of the relationship between species composition and 
their traits and environmental characteristics from paper (II), the next step was 
to operationalise this further towards management practice and specific 
management goals in Paper IV. Although the concept of gradients is sound for 
explaining species composition, planners, managers and decision makers often 
prefer clearly defined groups and management alternatives. In relation to this, 
there is a need for defined management concepts that can be assessed for these 
groups. This management concept has to have an appropriate information 
level, i.e. it has to be easy to apply in the practical situation and still target the 
process and elements of interest for the management aims. Papers I and II 
showed that dominance of tree species is problematic for the development of 
graded forest edges. By grouping (clustering) the sites along Southern Main 
Line and graphically displaying their relation to the species, it was possible to 
identify whether some few tree species are dominating the different clusters. In 
the same way, the subordinate species with the potential to become the 
building block species for more graded forest edge structures in the future were 
analysed.  

The species matrices used for that analysis were weighted to dominance of 
species at the site level. The grouping/clustering of sites was performed using 
hierarchical clustering, since it relates more to the concept of gradients than 
non-hierarchical clustering. This gives a dendrogram representing a hierarchy 
of how similar/dissimilar the different sites are to each other. As with the 
different ordination methods and their pros and cons in Paper II, there are also 
different methods of clustering (El-Hamdouchi & Willet, 1989; Borcard et al., 
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2011). Therefore different hierarchical clustering methods were applied in 
Paper IV to gain insights into the data and also to assess which method gave 
the ‘best fit’ clustering. Taking any two sites and then moving up the branch of 
the clustering dendrogram from one of the sites to the first node branching 
down to the second site, the level of that node along the distance scale of the 
clustering is the cophentic distance. A matrix representing the cophentic 
distances among all pairs of objects can be created and its correlation 
compared with the original dissimilarity matrix, giving the cophentic 
correlation coefficient, where a higher correlation is preferred. It was used in 
this thesis work to compare the different clustering methods. One key question 
when using hierarchical clustering is how many clusters should be interpreted 
in the dendrogram. To assess this, silhouette widths were used (Rousseeuw, 
1987).  

Following clustering, it is possible to test the difference of the 
environmental variables related to the clustering, but this could be considered 
to violate some important independence assumptions (Borcard et al., 2011). 
Therefore, the clustering was guided by the environmental variables of interest 
in a multivariate regression tree. This is sometimes referred to as constrained 
clustering (Borcard et al., 2011). In contrast to the previously mentioned 
constrained ordination methods (Paper II) that focus on explanatory power, 
regression trees focus on prediction, which is often useful from a management 
and planning perspective (De´ath & Fabricius, 2000). In fact, a regression tree 
can rather easily be operationalised into a decision tree for management. In 
simplified terms, a multivariate regression tree can be seen as an iterative 
process that repeatedly split the sites into as homogeneous groups as possible, 
based on their values for the environmental variables included. This is repeated 
multiple times to find the best solution and then the regression tree is trimmed 
down to the number of branches that give the optimal trade-off between 
number of nodes, prediction and simplicity (De'ath, 2002; Borcard et al., 
2011). Furthermore, the multivariate regression tree is a robust model for 
handling non-linear relationships or high-order interactions between the 
explanatory variables (De'ath, 2002).  

Although using environmental characteristics to guide clustering might give 
less comprehensive clusters than ‘unconstrained clustering’ and the prediction 
power for noisy vegetation data is often low, it has the advantages of 
incorporating important information about the processes affecting the regrowth 
of the forest edge, e.g. important structural aspects of the regrowth. This was 
investigated and tested using the derived clusters from the multivariate 
regression tree as explanatory variables in modelling how structural aspects 
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change over the gradient of the forest edge regrowth (i.e. by using the different 
subplot levels as an extra explanatory variable).  

In summary, the following analyses were performed in Paper IV: A species 
matrix giving weight to dominance was extracted separately for the NMC zone 
using subplots 1-3 and the number of stems, and for the Stand zone using 
subplots 3-5 and CBH measurements. To focus dominance to the individual 
site and not total site productivity over all sites, a Chord transformation 
(Borcard et al., 2011) was performed on both species matrices. To capture both 
early and late successional stages, the species matrices were analysed 
separately using four common hierarchical clustering methods, one more 
suitable for detecting gradients, one efficient in finding distinct groups, one 
intermediate between distinct groups and gradient detection, and one for 
creating very tightly bound clusters (El-Hamdouchi & Willet, 1989; Borcard et 
al., 2011). The most coherent of these four methods were selected based on 
cophentic correlation coefficient and the number of clusters was decided using 
silhouette widths. 

 To give a better overview, the clustering was combined with graphical 
representation through heat maps (R Core Team, 2013; Oksanen et al., 2013) 
and analysed concerning dominant tree species in the early successional stage 
of the NMC zone and later successional phase of the Stand zone. Six tree 
species were identified and simulated as cut with selective cuttings to evaluate 
the species composition without the dominant tree species using hierarchical 
clustering. Multivariate regression trees together with species indicator value 
calculations (Dufrene & Legendre, 1997) for the NMC zone were performed 
with the 10 environmental characteristics identified in the ordinations from 
Paper II as guiding variables. The groups from the regression tree were then 
used as explanatory variables together with the subplot levels (i.e. distance 
from the forest edge) in the modelling of structural aspects of the forest edges 
using mixed general linear models with a first order autoregressive (AR1) 
covariance structure. Mixed models were used since the subplots are nested 
within the site level and the AR1 covariance structure was used due to the 
spatial dependences between the subplot levels (Zuur et al., 2009).  

5.3.4 Summary of results for starting point Southern Main Line 

In total, 10 environmental characteristics from the four environmental groups 
were found in Paper II to influence the species composition of the NMC zone 
and the later successional stage of the Stand zone. It was possible to relate the 
different environmental characteristics post hoc to overall community traits, 
conforming their relevance and the interpretation of what ecological aspects 
they indicate. It was found that the aspects of site fertility (as indicated by field 
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layer type), soil moisture, forest edge profile, canopy stratification/complexity, 
and canopy cover were important at site level, while humidity, altitude, forest 
age continuity and shape and contrast of the edges were important at the 
landscape level. The relative importance of the different environmental aspects 
changed from the early successional stage of the new management corridor to 
the later stage in the stand. In the NMC zone, soil moisture, together with soil 
fertility as indicated by field layer type and the macro climate, played the most 
important role. In the older vegetation stage of the forest edge (i.e. the stand 
zone), however, the influence of stand structure and landscape structure 
increased. This indicates that forest edge assembly can be explained by 
dynamic hierarchical filtering with a change of influence over time from the 
site and abiotic aspects towards more biotic aspects and the landscape 
structure.  

However in Paper IV, the community assembly could not be best 
represented by either a continuum or grouping approach when trying to define 
regrowth typologies for the management decisions, and therefore the regrowth 
typologies were determined in a crossover approach where the clustering was 
guided by the 10 environmental characteristics identified through the earlier 
ordinations in Paper II. A regrowth typology of five clusters was derived from 
the multivariate regression tree. The first split was based on soil moisture, 
dividing the regression tree into one moist-wet and one damp-dry branch. Soil 
fertility, as indicated by field layer type, gave the next branching, separating 
fertile and poorer field layer types. Last, within the drier-richer sites there was 
a further branching based on altitude. This confirms the results from the 
variation partitioning that these environmental characteristics are the most 
important in the early regrowth stage. The regrowth typology was also 
successfully related to the amplitude of a number of key structural 
characteristics (number of stems per subplot, maximum height of stems, 
number of seedlings, field layer cover and average field layer height) for the 
different sites, i.e. the regrowth typology captured aspects concerning the 
species composition and the structure to be managed.  

5.3.5 Conceptualising of management concept based on Southern Main Line 
studies 

In mature forests, selecting individual trees based on species, size and position 
for cutting is a task for the skilled woodsman or forester (Rackham, 2006). 
Moreover, individual selection among dense masses of hundreds of new stems 
in the regeneration of forests, as done in pre-commercial thinning, is not an 
easy task. In classical commercial forestry, this task is largely bypassed 
through focusing on favouring only a handful of commercial species and their 
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spacing. Everything else is removed. If the other shrubs and small tree species 
usually cleared away, i.e. the species that are the building blocks for a graded 
forest edge, are of interest, then forest workers would need to recognise at least 
10 times more species. This would have to be done in sometimes harsh field 
conditions often without leaves and while operating a motorised brush-saw. 
Therefore there is a need to depart from the knowledge culture that already 
exists, i.e. targeting commercial common tree species, but from the opposite 
direction, so that they become the species that should all be removed, while 
everything else stays. The clustering analyses together with species heat maps 
showed that this was possible, since the dominant tree species could be 
targeted by focusing on only six tree species: Betula pendula, Betula 
pubescens, Populus tremula, Alnus glutinosa, Pinus sylvestris, Picea abies and 
Alnus glutinosa. The remaining tree species only occurred as subordinate or 
minority species, which indicates that overall, their crowns will be liberated if 
the dominant tree species are removed, which will support their wind stability 
(Mason, 2002). The complexity of the forest edges may also be increased, 
since the spatial cutting pattern in many cases will resemble variable density 
thinning (Puettmann & Tappeiner, 2014).  

From the heat maps, it was also clear that there are generally other low-
growing species present at most sites. However, the site specific amount of 
these building block species needed to develop graded forest edges, remains a 
question for the future. Nevertheless, the reduction of the dominant tree species 
will support “life-boating” (e.g. Puettmann & Tappeiner, 2014) of rare and 
minority species, which over time can have a positive effect on the dispersal of 
new building block species into the forest edges (Sarlöv-Herlin & Fry, 2000). 
This management concept developed in this thesis is called Functional Species 
Control. It is functional since it focuses on certain species and their functional 
aspects, i.e. growing tall and dominance, but also since it is functionally viable 
to apply in the field. The term ‘control’ is included since it is not likely that the 
targeted tree species will disappear or be eliminated from the system. Rather, 
in most cases they will prevail but the important aspect is to control them from 
dominating in order to promote more graded and diverse forest edges. 

 
Figure 6. Conceptual figure of Functional Species Control, the red species are those that are cut.  
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6 Set up of field trials based on the studies 

This chapter presents, describes and discusses the three field trials that have 
been developed and implemented for controlled, long-term testing of the 
planting design concepts and management systems developed during the 
course of the PhD research.  
 
This thesis examined the problem of how to create and maintain graded forest 
edges that are stationary. In doing so, it attempted to describe and identify the 
relations concerning the problem. Thus it did not try to falsify any hypothesis 
or theories, but rather construct them in the form of management/design 
concepts. These design and management concepts were then used as the basis 
for development of three controlled long-term trials enabling testing and 
further development. As such, the research described in the thesis does not 
draw a sharp line between theoretical and practical development (Dewey, 
1938; Hookway, 2005).   

As a part of this PhD-project three manipulated forest edge (development) 
trials were established. Although the vegetation dynamics of forest edges 
(which in many ways could be seen as a seral stage of forest succession) could 
be considered as having a shorter time frame than forests, they are still far 
beyond the scope of a PhD project and perhaps also the scope of a whole 
academic carrier. Faced with such limitations, the creation of controlled long-
term experimental design and management trials that could provide the 
platform for future research was regarded as an important contribution. Not 
through published papers today but as the investment in research possibilities 
in the future. Other interesting approaches would be to utilize modelling, as 
advocated for forest management by Pretzsch (2009), but background data in 
the form of long time series measures, as well as equations and competition 
indices for shrub and shrub tree species, are lacking.  

The common denominator for almost all silvicultural systems is that they 
use management operations to affect vegetation structure and species 
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composition. In general, more diverse and complex systems have proven to be 
more resilient 38  to novel environmental conditions and to have a higher 
adaptive capacity39 (Messier et al., 2015). However, it is not known what kind 
of diversity is desirable for specific functions in forest edges and how much is 
enough in relation to its resistance 40 and resilience. Management systems, on 
the other hand, are often more easily applied in practice if they are simple. The 
main idea behind the forest edge management and design concepts proposed in 
this thesis is therefore not to control all aspects of the system, since this could 
easily lead to the “pathology of command and control management in the 
natural resources” (Holling & Meffe, 1996). Manipulation was instead 
performed as separate entity of the main components, i.e. the structure or the 
species composition (based on the species strategy). As all trials have their 
strengths and weaknesses (Baeten et al., 2013), different main approaches were 
used in different trials to obtain a more overall perspective.  

6.1 Trial 1: The ZSC trial in Alnarps Västerskog 

Paper III focused on conceptualising Zoned Selective Coppice (ZSC) and its 
implementation in Alnarps Västerskog. The specific objectives of Paper III 
were to make general assessments of the initial effects of ZSC on the profile 
and woody species diversity of planted forest edges of varying width and 
species composition based on simulations. The long-term objectives for the 
trial is to demonstrate and test the effect of ZSC on the forest edge profile, 
vascular species diversity and visual appearance in relation to species mixture, 
edge typology and edge width.  

6.1.1 Simulating the initial effects of zoned selective coppice to set threshold 
heights 

Zoned selective coppice is based on threshold height increasing when moving 
inward through the edge cross-section. This creates a gradient in height and 
initially also in thinning intensity. Departing from this, three different zones 

                                                        
38. Resilience: Resilience in ecological systems is the amount of disturbance that a system can 

absorb without changing stability domains (Gunderson, 2000). Based on this, it can be seen as the 
potential of a system to recover its structure and functions after a disturbance (Filotas et al., 
2014).   

39. Adaptive capacity: Adaptive capacity is described as system robustness to changes in 
resilience (Gunderson, 2000). Based on this, it can be seen as the ability of a system to modify its 
structure and composition so it can sustain major functions or develop new functions (Filotas et 
al., 2014). 

40. Resistance: Staying essentially unchanged despite the presence of disturbances (Grimm & 
Wissel, 1997). 
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were established based on a fixed thinning strength corresponding to 66% for 
the outer zone, 50% for the middle and 33% for the inner zone. Two different 
threshold heights, reducing either crown area or woody base area to this 
specific percentage, were calculated. Differences in simulated impact between 
the two different sets of threshold height were compared using Shannon 
diversity index (adapted from Shannon & Weaver, 1962) and paired t-tests and 
differences in edge profile using ordinary linear regression and its adjusted R-
square values (i.e. how well the increase in height correlated with the distance 
into the edge through its cross-section). Shannon diversity was chosen since 
comparisons were made only within the individual edge sections, i.e. the 
species number base was the same. Threshold height based on crown area was 
chosen for further simulation, since overall it gave a more graded forest edge 
profile and higher Shannon diversity values than the woody base area threshold 
heights.  

6.1.2 Simulating the initial effects of zoned selective coppice on species 
diversity, structure and individual species 

To give a more detailed view of how zoned selective coppice affected species 
diversity, structure and individual species, the following section describes the 
comparison made between the unmanaged field data from 2010, 2013 and after 
simulated cutting with zoned selective coppicing.  

Investigating the change in diversity using diversity indices is affected by 
the number of species and the role of rare and dominant species can change 
depending on how the index is scaled. Therefore a robust measure of diversity 
was used in the form of diversity curves that plot the index using multiple 
scales (Tóthmérész, 1995). One suitable index, irrespective of the species 
number for this, is the Renyi index family (Tóthmérész, 1995). If the specific 
diversity curve for a site is above that for another site without intersecting it, 
then it is truly more diverse, while it is truly less diverse if it is below the other 
curve. Therefore Renyi's diversity curves were used to compare the changes in 
diversity over time and in relation to the simulated management. To better 
understand the individual species input, the relative amount of the species 
before and after the simulated management were also compared. A strong 
regularity or clustering of the residual species after management might be 
perceived as a clear sign of management interventions and a less natural 
expression of the edge, which can be perceived as negative (Ode et al., 2009). 
Therefore it is interesting to assess the initial spatial impact. This was done by 
visual interpretation of three-dimensional graphs with the height and position 
of the species before and after the simulated management. To verify the optical 
interpretation, an additional test where the pattern of residual species was 
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tested to determine whether they were completely spatially random, regular or 
grouped was performed using Ripley’s K point pattern analysis (Ripley, 1979; 
Hammer et al., 2001). To allow the simulated management actions to be easily 
translated into simple hands-on measures, descriptive statistics on edge slope 
and number of species removed were also calculated.  

In general the simulations showed that, ZSC was able to support more 
graded forest edges without negatively affecting species diversity and 
introducing a spatially clustered point pattern. In doing so, on average 53% 
specimens were cut in the outer zone, 38% in the middle zone and 25% in the 
inner zone. The diversity trend was positive at the shrub edges in particular, 
whereas the diversity in the mosaic edges was not supported to the same 
amount, largely due to some tree species being totally removed. Overall, 
simulated ZSC was able to reverse the negative trend for the low light-
demanding shrub species that had escalated from 2010 to 2013. The higher 
turnover to more abrupt edge profiles for the narrower edges from 2010 to 
2013, together with the generally steeper slope after simulated ZSC compared 
with the wider edge sections, indicates that an edge width of six planting rows 
is more realistic for maintaining a graded forest edge profile than the narrower 
three planting row edges. Two operational ways of calculating threshold 
heights in the field for the type of edges used in this thesis were derived post 
hoc from the descriptive statistics. These involved either equating the outer 
zone to the median of a sample of heights and the inner zone to the third 
quartile, or setting the heights in accordance with the allocated edge zone width 
of the wide edge section.  

6.1.3 Implementation of the trial in Alnarps Västerskog 

After the evaluation of the simulations, a management trial using ZSC to 
manipulate the forest edge profile was implemented during winter 2013/2014. 
Ten edge sections were used in a controlled BACI (before, after, control, 
impact) trial (Lepš & Šmilauer, 2003). Each edge section was divided and one 
randomised half was treated using the ZSC, while the other half was left as an 
unmanaged control. All woody material was extracted from the edge. The 
BACI design enables long-term assessment of the effect of ZSC on edge 
profile (univariate) and species composition (multivariate). Ideally, non-
selective management should have been included as an additional treatment, 
but the limited size of the individual edge sections made this impossible. As 
total none-selective management is deemed as less common then free 
development (management neglect) in planted contexts it was chosen as the 
control treatment. From a pedagogic and demonstration point of view, it is also 
more illustrative to be able to show a totally untreated control.  
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The landscape laboratory at Alnarp is visited by numerous practitioners and 
researchers from different disciplines and is used frequently in teaching of 
landscape students (Gustavsson 2002; Nielsen, 2011). This provides 
opportunities for cross-disciplinary and multiple evaluation of ZSC. Ideally, it 
would incorporate vegetation analysis such as that used in Paper III together 
with evaluation of multiple aspects such as wildlife, field layer diversity, 
perceived aesthetics and a survey of visiting practitioners to map their 
evaluations and thoughts about the ZSC management system.  

 
Figure 7. Photos from 2015 of untreated controls and corresponding treatment with ZSC, two 
growth seasons after implementation. 
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Figure 8. Alnarps Västerskog where the Zoned Selective Coppice (ZSC) trial 
is established. Orange parts are the treated area and brown parts the free 
development control area. Edge sections included in the trial are no. 7, 8, 10, 
11, 12, 14, 17, 18, 19 and 22. 
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6.2 Trial 2: The ForEDGE trial along SML 

The objectives of the ForEDGE project were to test and compare the impact of 
Functional Species Control, Zoned Selective Coppice, non-selective clearing 
and free development on woody species composition and forest edge structure 
across long environmental gradients. Departing from the findings of paper II 
and IV, the aim of the ForEDGE trial is to manipulate species composition and 
structure in relation to long complex ecological gradients, hence the name 
ForEDGE - Forest Edge Development Gradient Experiment. The gradient 
aspect was employed through strategic selection of locations from the 
multivariate regression tree grouping in Paper IV. This approach was chosen 
since it enables a smoother transition towards common practice within forest 
management, as the groups created are easily understod by managers and 
workers. At the same time, it was grounded on robust statistical procedures 
based on stratified random sampling along the whole of Southern Main Line.  

6.2.1 Selection of locations 

Based on the five groups from the multivariate regression tree (Paper IV), 
selection of possible locations for the trial was performed on a base set of 
criteria. First, the location had to be spatially homogeneous concerning 
vegetation and topography for a stretch of approximately 100 m. This was 
investigated through aerial photo interpretation, together with the field notes 
and field photos. For the northern aspect of the railway stretch studied, i.e. 
from Norrköping to Stockholm, the number of suitable locations was limited, 
since the rolling, small-scale topography made it difficult to find plots that did 
not have large within-plot variation. This gave a slightly skewed spatial 
distribution of suitable locations. Five locations for each multivariate 
regression tree group were selected, together with standby sites. Since Paper II 
concluded that other environmental characteristics such as landscape structure 
will increase in importance over time for the assembly of forest edges, the 
selected locations were scatter-plotted against the decisive environmental 
characteristics identified in Paper II. Inspecting these revealed no selection bias 
for these variables. Although edge orientation, i.e. exposed/unexposed, did not 
correlate with species composition in the ordination analysis (Paper II), the 
large amount of literature concerning this aspect meant that it was also 
analysed in the selection of locations. The analysis showed that there was no 
clear selection bias, with a total of 14 exposed sites and with a range of 2-3 
exposed sites within all clusters except cluster B, which had four exposed sites 
but was allowed since other site selection criteria would have affected other 
aspects more than this single one.  
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Figure 9. Scatterplots of selected locations for the ForEDGE trial (red squares) in relation to the 
decisive environmental characteristic from Paper II that were not the main predictors (except 
altitude) in the multivariate regression tree classification in Paper IV. 
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6.2.2 Treatment and plot design and its implementation 

At each location, the following four treatments were applied during autumn 
2014:  

 
 Functional Species Control (Paper IV), which manipulates the species 

composition through reduction of dominant tree species  
 Zoned Selective Coppice (Paper III), which manipulates forest edge 

structure 
 Non-selective clearing of all woody vegetation 
 Control treatment, i.e. free development of vegetation. 

 
Non-replication at location level 
was used, since the main focus 
was the difference between and 
not within locations, following 
the reasoning of Binkley (2008). 
Treatment area was set to 20 m 
along the stand and 10 m 
perpendicular to it, covering the 
whole width of the NMC. The 
size was set in accordance with 
Scherer-Lorenzen et al. (2005) so 
that it corresponded to twice the 
restricted maximum height in the 
NMC, i.e. 2 x10 m. This also 
corresponds to the minimum 
length for treatments in the other 
trials within this thesis. Longer 
plots would decrease the risk of 
internal edge effects from the 
treatments, but also increase the 

risk of high within-plot variation 
(Baeten et al., 2013). Treatments 
were randomly assigned to the 

plots, but in a few extreme cases where the plot species composition meant that 
Functional Species Control approached non-selective total clearing, re-
randomisation was conducted on-site. Each treatment plot was inventoried with 
nine stratified subplots of 1 m radius (Figure 11). Within these, all woody 
stems (dwarf or half shrubs excluded) higher than 0.5 m were measured at 
species level for height. Field layer height was estimated as the average 

Figure 10. Examples of the four applied treatments 
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maximum height within the subplot together with its cover in intervals of 10%. 
After trial layout and measurements, the stems in the whole treatment plot that 
were to be removed were marked. Removal was performed by expert workers 
using motorised brush-saws. Before this work started in the field, an 
information meeting was held with the workers. Communication and reporting 
of the work was maintained continually with the management workers during 
cutting of the sites. The heights for performing the ZSC were based on 
calculating quartiles of the maximum heights in the subplots. First, in an 
approach based on the results from Paper (III), i.e. using the median and third 
quartile as outer and inner threshold heights, trees were test-marked and 
evaluated in the field on four different sites. Due to the early successional stage 
of the regrowth, this did not give a very evident gradient of thinning strength. 
Therefore a modified version was evaluated and compared in the field at the 
four different sites. This modification, with threshold height in the outer zone 
closest to the railway equalling the first quartile, the middle zone the second 
quartile (median) and the inner zone the third quartile, was deemed more 
suitable and was used for all sites. Width of zones was set to 3 m 
corresponding to the regular width of a brush-saw working strip with 0.5 extra 
buffers for the outer and inner zone (Figure 11).  
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Figure 11. Schematic overview of the treatment plots and the subplots used for the inventories in 
2014. Closest to the railway, the old management corridor (dotted) is shown, followed by the new 
management corridor (white) and then the stand (grey). To the right is an enlarged view of a 
treatment plot with associated subplots. 

 

6.3 Trial 3: The EDDE trial 

Experimental studies addressing the impact of biodiversity on ecosystem 
function (denoted BEF) have risen to the frontier of experimental ecology to 
meet the need for addressing ecosystem function and services in the light of 
increasing biodiversity loss. Previous experimental BEF studies have mostly 
examined grassland systems (e.g. Hector et al., 1999; Spehn et al., 2005; 
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Ebeling et al., 2008) and tree species in stand conditions (Scherer-Lorenzen et 
al., 2005, 2007; Verheyen et al., 2013; Tobner et al., 2014). However, a large 
amount of ecosystem functions, services and ecological processes needs to be 
addressed in relation to ecotones such as forest edges and its biodiversity 
(Sarlöv-Herlin, 1999; Chacoff & Aizen, 2006; Lindenmayer & Hobbs, 2007; 
Naturvårdsverket, 2012; Bailey et al., 2014).  

Falling as it does between the territory of forest field trials and ecological 
open land experiments, little research has addressed the relationship between 
forest edge diversity and ecosystem function, e.g. whether there is a trade-off 
between the range of the edge effect into the stand and the woody species 
diversity of the edge itself. Theoretically, higher diversity of woody species 
would enable more complex structures, which would provide e.g. better 
filtering of wind and pollution. However, it remains unclear whether such 
structural diversity is related to the species diversity or functional diversity, i.e. 
“the value and range of the species traits that influence the forest edge 
ecosystem functioning” (Tilman, 2001). For example, in nemoral and hemi-
boreal vegetation systems, light-demanding early flowering shrubs and shrub-
trees are keystones of species-rich edges and pollination services (Ward & 
Spalding, 1993; Blakesley, 2006; Svensson, 2002; Bailey et al., 2014). At the 
same time, recommendations for management in studies by Mourelle et al. 
(2001) and, indirectly, Hamberg et al. (2009a) include maintaining a higher 
density of shade-tolerant and shade-giving species to reduce the edge effect on 
the interior stand. Including more shade-tolerant species might thus reduce the 
edge effect on interior stand conditions, but in parallel reduce other desired 
ecosystem services. This is in line with the conclusion by Perring et al. (2012) 
that there is a need for experimental studies on ecosystem system trade-offs.  

To bring more light to these matters, a BEF trial addressing the impact of 
biodiversity on forest edges function was established as part of the Elmelund 
afforestation at the fringe of Odense city, Denmark; EDDE - Edge 
Development Diversity Experiment. The trial aims to create an open platform 
for biodiversity questions in relation to forest edge design and management. 
More specifically, the EDDE trial primarily aims to investigate:  
 The basic research question: Does woody diversity (species and/or 

functional) in forest edges influence edge effects on the interior stand and 
the ecosystem services provided by the ecotone itself?    

 The applied research question: How does woody diversity at the initial 
planting affect edge profile, species coverage and development of 
individual species?  
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6.3.1 Constraints and strategic framework 

The long-term and large-scale trials that are needed in BEF research on woody 
species face many difficulties. First, the resources needed to establish such 
projects are significant and the time scale is beyond regular research funding. 
However, as stated by Scherer-Lorenzen et al. (2005), innovative alliances 
with uncommon partners can be a solution. This is exactly what gave rise to the 
Elmelund project in Odense. In that case, the Danish Nature Agency 
(Naturstyrelsen) offered the possibility to establish an experimental trial of 
forest edges as an integral part of a large multifunctional afforestation project 
in an area covering 305 hectares. However, the nature of such a project, with 
multifunctional aims and regulations, introduces constraints into the 
experimental setup. Therefore, an important focus for planning of the trial was 
to adapt the experimental setup in relation to the demands made by 
Naturstyrelsen. However, such practical constraints are not necessarily a 
disadvantage, but rather help transfer knowledge gained into practical 
situations more easily.  

Baeten et al. (2013) and Verheyen et al. (2013) describe the need for BEF 
studies and other experimental studies to address the aspects of representativity 
(real world connection), orthorgonality (minimisation of cofounding variables 
and hidden treatments) and comprehensiveness (the spectrum of the 
phenomena studied). There should preferably be an optimisation of all three 
aspects within research. However, the use of three different research platforms 
in the FunDivEurope project (Baeten et al., 2013) to achieve triangulation of 
all three aspects clearly exemplifies that an individual trial or study can never 
cover all of them in full. Therefore within the Elmelund project, an order of 
priority for the different aspects was set to facilitate the many design decisions 
and to increase the transparency of the project. The priority order started with 
representativity, followed by orthogonality and lastly comprehensiveness. As 
an example, this meant a first-hand aim was to provide as close to natural 
structures and composition as possible, but also to standard practices of forest 
edge afforestation, i.e. strong representativity. Following that, the design layout 
was carefully pre-evaluated concerning environmental conditions for the 
locations of the different edge sections, which supported orthogonality. 
Comprehensiveness was prioritised lowest, as fulfilling this condition would 
need multiple sites and probably multiple random extinction scenarios (see e.g. 
Bruelheide et al., 2014). Following Paper (I), however, it seems realistic that 
some species are more prone than others to disappear from forest edges, 
indicating that random extinction scenarios may not reflect real world 
processes (Lepš, 2004), i.e. representativity would be lost. In the following 
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section, the research design and the background to the approaches used in the 
EDDE trial are briefly described.  

6.3.2 The site of Elmelund 

The Elmelund afforestation project (55.3821N; 10.3047E) is located at the 
south-west urban fringe of the city of Odense on Fyn. The area belongs to 
group 4 of Denmark’s phytogeographical regions (Lawesson & Skov, 2002) 
and is the eastern, nemoral sub-Atlantic region with warm summers, chilly 
winters and a humid climate. The project is situated on old agricultural land 
consisting mostly of glacial till with an average clay content of 15-20%. In the 
northern parts of the study area the till shows signs of pseudogley, indicating 
temporarily high watertable. In some small depressions peaty soil is found, 
indicating wet conditions before the land was drained for agriculture. The area 
was cropped in 2013 but not fertilised and in spring 2014 the fields were 
ploughed and repeatedly harrowed before the planting started in early March. 
The forest edge trial was planted with supervision during two periods, starting 
19 March and 16 April respectively, with a plant spacing of 1.6 m x 1.6 m to 
comply comfortably with subsidy regulations concerning number of plants per 
hectare (minimum 3500 plants over 1 m height six years after planting).  

6.3.3 Plot size 

Any BEF trial for forest systems requires large plot size, e.g. according to 
Scherer-Lorenzon et al. (2005) plot size should be twice the width of the final 
tree height, while Potvin & Gotelli (2008) mention a size above 20 m x 20 m 
for trees. Examples in the literature of sizes for shrub-based communities are 
rare, however. Bruelheide et al. (2014) uses 12.91 m x 12.91 m for 
monocultures of shrubs and Perring et al. (2012) 23 m x 23 m for all shrub 
plantings. Based on this, in the EDDE trial it was concluded that the length of 
one commercial plant bundle of 25 species (planted with 1.6 m spacing, and 
thus amounting to 40 m) would be sufficient as minimum length. This also 
simplified the planting and mixing procedure and provided the possibility to 
split the plots in half in later stages. If management treatments are to be added 
in the future, this split plot size will still allow all species to be present in the 
most species-rich mixture. Subsidy practice demands either 10 or 20 m wide 
edge plantings as the minimum, depending on compass aspect. This was taken 
advantage of as it made it possible to replicate the diversity gradient as wide 
and narrow and henceforth relate the importance of edge width to edge effects 
and species diversity.  
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Figure 12. a) On site planning and analysis in 2013, b) the cropped fields in 2013, the path 
follows the forthcoming forest road and edge, c) indoor site analysis and location of the different 
treatments, d) same view as picture b in 2014 with constructed road and soil cultivated for 
planting, e) on site mixing of species for the different treatments in early spring 2014, f) labelling 
of the mixed species bundles and packing for transportation to the planting site, g) instruction to 
the planters and loading of the species bundles, h) plantation of the forest edges, i) one of the 
planted forest edge sections in 2014, j) inauguration of the Elmelund afforestation project to the 
public in early summer of 2014, k) mechanical weed control between the plantings rows, l) status 
inventory of the plantings in the  spring of 2015 with overall good survival and development of 
the planted species.  

6.3.4 Placement and experimental layout 

One aspect that can make the layout of experimental edge trials more 
challenging than standard trial is the compass aspect. Edges with a south and 
west (in the northern hemisphere) aspect will receive more radiation from the 
sun than those with an east and north aspect (Geiger, 1965; Matlack & 
Litvaitis, 1999). To maximise the exposure of the edge, and hence probably 
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also the edge effect, sites with a main aspect of either south or west were 
chosen for the EDDE trial.  

 
Figure 13. Overview of the Elmelund afforestation project. Forest edges included in the EDDE 
trial are marked in red for 10 m wide edge sections and blue for 20 m wide edge sections. In total, 
around 2 km forest edge planting is included in the trial. 

Blocking is commonly used in field trials to minimise the effect of cofounding 
variables. However, as it was difficult to construct blocks containing all 
treatments and it decreased the representativity, another approach was used. 
This comprised a completely randomised design with a re-ordering if two plots 
of the same treatment ended up besides each other. This is similar to the 
approach used by Bruelheide et al. (2014). As this increases the risk of hidden 
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treatments, the selection of sites before randomisation was carefully evaluated 
concerning soil conditions. The whole EDDE study area is located on nutrient-
rich former agricultural land, which makes the main factor of concern the 
overall soil moisture (Papers II and IV).  

When selecting sites, wet parts were avoided using the soil data and a 
hydrology pre-investigation of the whole Elmelund afforestation area 
(Naturstyrelsen, 2013c). Nevertheless, analyses in the future have to take into 
account the effects of heterogeneity in abiotic conditions, as exemplified by 
e.g. Healy et al. (2008). To obtain a balanced design, it was necessary to 
allocate edges bordering different stand types. To minimise the resulting 
skewedness and to create a common base to assess edge effects, a standard 
buffer tree mixture of 10 m was established behind all experimental edges. The 
buffer mixture was composed so that none of the tree species occurred in the 
edge plantings and so that different dispersal traits were represented (wind and 
animal). This resulted in the following mixture: 75% Quercus robur, 15% Acer 
platanoides, 4% Prunus avium, 3% Tilia cordata and 3% Carpinus betulus. 
This separation between buffer and edge plantings makes it easier to evaluate 
the dispersal of tree species into the edge and dispersal of shrub species into 
the buffer and the forest stand.   

6.3.5 Species selection and extinction (assembly) scenarios  

Using the internet-based services www.plantevalg.dk for practitioners 
concerning plant choices, all woody species that met the criteria of being 
adapted to the climate, the soil conditions at the site, being native to Denmark 
and fulfilling the requirement for subsidies when planting forest edges in 
Denmark were retained. This partly reduced the problem of creating 
“unrealistic” assemblies discussed by Lepš (2004).  

Due to the problem of measuring extremely clonal species, those were 
omitted from the design. General species trait data were taken from Pinborg et 
al. (1989), Fitter & Peat (1994) and Gustavsson & Ingelög (1994) and early 
height development data from Olrik et al. (2002) and Paper I. Based on data 
from Paper II, an inventory study of Danish forest edges (Andersen et al., 
1994) and normal practice for forest edge planting in the area, the species 
diversity was set to 4, 8 and 16 species, reflecting low, intermediate and high 
species diversity of shrubs and small tree species. 

As shade tolerance and final height/growth form were key aspects in 
understanding graded edge development in Paper I, the focus was on these two 
fundamental ecological strategies. This is also supported by the findings for 
trees species reported by Loehle (2000), Morin et al. (2011) and Stahl et al. 
(2013). Examination of these key aspects was achieved by splitting the species 
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into four main growth form groups; low shrubs, high shrubs, shrub trees and 
small trees. Four species for each of these groups were selected with the 
criterion of obtaining a pair of two more shade-tolerant and two more light-
demanding species within each growth-form group (Table 3). For the low and 
intermediate diversity mixtures, a set of light-demanding and more shade-
tolerant mixtures, together with a mixture of the two, were assembled (Table 
4). Altogether, this gave four replicates of each shade tolerance level, nested 
within the two different diversity levels. This gave a main diversity gradient 
accompanied by a shade tolerance spectrum, whereas the main growth form 
selection was kept as stable as possible to ensure similar main structure of the 
edge and at the same time reduce the problem of one or a few larger species 
creating hidden treatments (Huston, 1997). This could be seen as a way of 
promoting comparisons of competitive exclusion and the more commonly 
addressed species pool limitation (Lepš, 2004). The diversity gradient was then 
planted as both narrow and wide. However, as the nature of species and their 
reactions to gradients and anomalies differ; perfect species matching isolating 
only shade tolerance is impossible. Therefore post hoc functional diversity 
calculations based on site measurement as an analytical tool would be valuable, 
as they would also enable the intraspecific trait variability to be quantified 
(Lepš et al., 2006; de Bello et al., 2011).  

Table 3. Species included in the EDDE trial and their growth forms 

Growth form  Less shade-tolerant More shade-tolerant 

   

Low shrub species 

  

Rosa rubiginosa L. 
Rosa canina L. 

Ribes alpinum L. 
Lonicera xylosteum L. 

High shrub species 

 

Shrub trees 

Rhamnus cathartica L. 
Sambucus nigra L. 
Salix pentandra L. 

Eounymus europeaus L. 
Viburnum opulus L. 
Crataegus monogyna Jacq. 

 

Small trees 

Sorbus aucuparia L. 
Malus silvestris (L.) Mill. 
Salix caprea L. 

Corylus avellana L. 
Prunus padus L. 
Acer campestre L. 
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Table 4. Different species compositions and numbers of individual replicates used in the EDDE 
trial. L=less shade tolerant (light demanding), S= more shade-tolerant, M = mixed, i.e. L4A = 
Light-demanding four-species mixture A.  

4 species – 12 x 2 sections (narrow & wide)       

L4A (x2)  M4A M4B  S4A (x2) 

Rosa rubignosa  Ribes alpinum Rosa rubignosa  Ribes alpinum 

Rhamnus cathartica  Rhamnus cat. Viburnum opul.  Vibrunum opulus 

Salix pentandra  Corylus avellana Salix pentandra  Corylus avellana 

Malus sylvestris  Malus sylvestris Acer campestre  Acer campestre 

   
L4B (x2)  M4C M4D  S4B (x2) 

Rosa canina  Rosa canina Lonicera xylo.  Lonicera xylosteum 

Sambucus nigra  Euonymus euro. Sambucus nigra  Eounymus europ 

Sorbus aucuparia  Sorbus aucuparia Crataegus mon.  Crataegus mon. 

Salix caprea  Prunus padus Salix caprea  Prunus padus 

8 species – 12 x 2 sections (narrow & wide)       

L8 (x4)  M8A M8B  S8 (x4) 

Rosa canina  Ribes alpinum Rosa canina  Ribes alpinum 

Rosa rubiginosa  Rosa rubignosa Lonciera xylo.  Lonicera xylosteum 

Rhamnus cathartica  Rhamnus cat. Sambucus nigra  Eounymus euro. 

Sambucus nigra  Viburnum opul. Euonymus euro.  Viburnum opulus 

Salix pentandra  Corylus avellana Sorbus auc.  Crataegus mon. 

Sorbus aucuparia  Salix pentandra Crataegus mon.  Corylus avellana 

Malus sylvestris  Acer campestre Prunus padus  Acer campestre 

Salix caprea  Malus sylvestris Salix caprea  Prunus padus 

   
  M8C M8D   

  Ribes alpinum Rosa rubignosa   

  Rosa canina Lonicera xylo.   

  Euonymus euro. Sambucus nigra   

  Rhamnus cat. Viburnum opul.   

  Corylus avellana Salix pentandra   

  Sorbus aucuparia Crataegus mon.   

  Prunus padus Salix caprea   

  Malus sylvestris Acer campestre   

16 species – 4 x 2 sections (narrow & wide)  M16 (x4)   

Ribes alpinum  Rosa rubignosa Rosa canina  Lonicera xylo. 

Rhamnus cat.  Viburnum opul. Euonymus euro.  Sambucus nigra 

Corylus avellana  Salix pentandra Sorbus auc.     Crataegus mon. 

Malus sylvestris  Acer campestre Prunus padus     Salix caprea 
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6.3.6 Mixing patterns and spatial design of plots 

A great advantage of woody species, as long as extreme clonal species are 
avoided, is that they can be monitored on an individual level, unlike e.g. 
grasses (Scherer-Lorenzen et al., 2005; Potvin & Gotelli, 2008). However, 
when approaching mixture effects, group planting is used in the experiments to 
secure species survival in the long run, i.e. species interactions are controlled to 
the scale of the group for a long period. As forest edges are related to earlier 
forest successional paths, there is a need to focus especially on the initial 
mixing effects and therefore an intimate random mixture approach was used in 
the EDDE trial, as seen in e.g. Bruelheide et al. (2014). This also maximises 
the possible number of different combinations of interactions compared with 
no random intimate mixtures (Bruelheide et al., 2014). Moreover, it is easier to 
plant in a rational way, since all that is needed is pre-randomisation of species 
into bundles.  

An important question differing between classical BEF trials is that of 
zonation of species. The results from Paper I and practical experience from 
Denmark (A.H. Pedersen, pers. comm. 2013) clearly indicate that zonation is 
crucial for the development of graded forest edges and for upkeep of the initial 
species pool planted. Therefore a clear distinction has to be made between 
main edge structure and diversity gradient concerning what is to be 
experimentally tested. As graded edges are often seen as ideal types and were 
strongly supported by Naturstyrelsen in the EDDE case, it was decided that 
edge structure should be held as constant as possible through zonation of the 
species based on growth form and the diversity of species altered within this. 
This meant having smaller species in front and gradually increasing in height 
on moving inward through the edge section for all sections, but with different 
numbers of species in the different zones. This was achieved by zoning the 
edges into an outer, middle and inner edge zone. However, to promote 
representativity, i.e. as close to ‘real world’ forest edge structures as possible 
(see e.g. Gustavsson, 1986; Anderssen et al., 1994; Rizell & Gustavsson, 
1998), higher shrubs were allowed to jump forward into the outer zone and 
shrub trees to jump back to the inner zone according to a set percentage of 25% 
(see Figures 14 and 15). In other words, the main design concept from Paper I 
was applied as the base for the layout of the edges.  
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Figure 14. Schematic overview of the different diversity levels of planting in the 
EDDE trial for the narrow edges (10 m). 

 
Figure 15. Schematic overview of the different diversity levels of planting in the 
EDDE trial for the wide edges (20 m). 
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6.3.7 Reference plantings 

In forestry, most mixtures used in experiments have low diversity of species, 
often lacking intermediate and high diversity components (Scherer-Lorenzen et 
al. 2005). In contrast, designated forest edge plantings in practical afforestation 
quite often consist of species-rich edge mixtures, but intermediate and low 
diversity mixtures are lacking. However, as noted by Loreau and Hector 
(2001), in order to assess species-specific contributions to functions of 
mixtures, all species should be studied in monoculture. As the interactions 
between woody species can be measured and studied on individual level 
(Potvin & Gotelli, 2008; Nadrowski et al., 2010), reference plantings where 
each species was grouped so inner species of the groups only faced 
intraspecific competition during the first stages of development was established 
(see Figures 16 and 17). In total, four reference sections for each of the narrow 
and wide edges sections were planted. The reference plantings provide the 
opportunity to compare the long-debated differences between intimate or 
grouped mixtures in BEF experiments and afforestation (Scherer-Lorenzon et 
al., 2005; Bruelheide et al., 2014). In other words, it also enables testing of 
whether the conclusion that graded forest edges benefit from grouping of low-
growing species is correct (Paper I) or if this is caused by the resulting 
zonation of the species.  

 
Figure 16. Schematic overview of the narrow (10 m) reference planting species-rich mixture with 
grouping of the individual species in the EDDE trial. 

 
Figure 17. Schematic overview of the wide (20 m) reference planting of species-rich mixture with 
grouping of the individual species in the EDDE trial. 
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6.4 Framework for the management and planting design 
concepts in relation to the trials 

Zoned Selective Coppice might support already established pioneer 
broadleaved tree species if the abundance of replacement species is too low to 
suppress them. The results from paper IV suggest that this effect is most likely 
in forest edges growing on poor sites. Acknowledging this, the ZSC will still 
maintain the profile, although most likely shifting towards a graded forest edge 
dominated by e.g. Picea abies in different age cohorts through the edge 
section. This will still be able to support some important functions and 
services.  

Functional Species Control do not possess this flexibility since it is dependent 
on there being some suitable species left in certain amounts to take over if the 
dominant trees are repeatedly disfavoured. The original Rydberg (2000) 
height-based selective system and adaption of DBH-based selective coppice 
system (Coppini & Hermanin, 2007) should not be forgotten, and should be a 
part of the management toolbox as they too can promote simpler types of 

Figure 19. Conceptual illustration how a graded edge could develop without shrub species
using zoned selective coppice.  

Figure 18. Example of graded forest edge
dominated by spruce Picea abies. 
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graded forest edge. This basically applies for all management approaches 
presented in the state of art section of this thesis. However, one could question 
the applicability of the Pietzarka & Roloff (1993) four phased dynamic model 
(see section 3.5), since the regrowth structure consistently seen in Paper IV 
was in clear disagreement with that described by those authors. In simplified 
terms, maintaining more or less graded edges can hence theoretically employ: 

 
 Full clearing (e.g. Buckley, 1997) 
 Zoned full clearing (Ferris & Carter, 2000)  
 Height-based selective coppice/thinning (Rydberg, 2000) 
 Adaption of DBH-based selective coppice/thinning (Coppini & Hermanin, 

2007) 
 Zoned height-based coppicing/thinning (Paper III) 
 Selective coppice/thinning focused on dominance reduction (e.g. Paper IV). 
 
These types of treatment and their areas of application in the trials are depicted 
in Figure 20.  

 
Figure 20. Overview of management options for more or less graded forest edges.  

The DBH/height-based selective coppice, Zoned Selective Coppice and 
Functional Species Control systems all aim at controlling ‘enough’ rather than 
‘everything‘ and thus can be regarded as adaptive management approaches 
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adaptable to site-specific variability (Puettmann & Tappeiner, 2014; Messier et 
al 2015). However, depending on the given site and practical constraints, 
different methods should be used individually or in combination. Identification 
of suitable combination and further method development is needed e.g. 
combining the functional species control system with a maximum height to 
prevent subordinate trees from becoming a hazard over time. Another example 
of such combinations is the main planting design of the EDDE trial in 
Elmelund where zoning of different species mixtures in relation to main 
species strategies have been used.  
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7 Discussion 

7.1 Work progression and its effects on research design of the 
individual studies 

Paper I identified zonation of species at plating in relation to their shade 
tolerance and growth form as favourable for development of graded forest 
edges. However, the trial was confined to on location and thus reservations for 
generalisations to forest edges along complex environmental gradients should 
be taken. While focusing on natural regrowth, rather than designed forest edge 
plantings, Paper II assessed the impact of environmental gradients on forest 
edge species composition and vegetation structure. Furthermore, Paper I 
revealed the importance of focusing on structural aspect and species strategies 
and traits for management to be able to maintain graded forest edges and their 
species diversity. Therefore, the Zoned Selective Coppice management system 
departed from controlling the vegetation structure (Paper III) while the 
Functional Species Control management system departed from control of 
species strategies and traits (Paper IV). Both management systems were 
conceptualised so they meet the practical realm of Paper II and IV. Throughout 
the process, there was an increasing insight that there is a general lack of 
studies, especially experimental, addressing the management and design of 
forest edges, i.e. how to actually achieve the structure and species assembly 
wanted at a given place. Therefore, the planning and establishment of long-
term experimental trials with the planting design guideline and the two 
management systems was regarded as an important contribution to the research 
field, despite ‘true’ evaluation of these trials is many years ahead, and thus 
beyond the scope as well as the duration of this thesis.   
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7.2 Limitations of data collection and analytical approaches  

Research takes place within a practical framework, constrained by e.g. time, 
financial resources and existing knowledge and experience. This thesis is 
certainly no exception and it is important in this regard to discuss things that 
perhaps could or should have been done in a different way and what effects 
this might have had. However, following the reasoning by Peirce (1868a, 
1868b, 1869), that the decisions taken were the best (pragmatic) solution at that 
time, only by actually taking decisions it is possible to gain insights about the 
effects of these decisions.  

7.3 Discussion of data collection 

7.3.1 The unmeasured variables and non-sampled vegetation  

In Paper II, numerous variables were measured to capture different 
environmental characteristics at different scales. However, this does not ensure 
that the most determining variable was actually included (if such exists). 
Instead it can be said, based on the context (practical, time, financial) in which 
the work was performed, that the variables considered important were 
included. Measuring pH and other soil chemistry variables would likely have 
enabled distinguishing more direct causes of the species composition in 
relation to site productivity. Calculations of site index based on measured 
variables in the field were used in the first preliminary analysis. However, it 
did not perform as well as field layer type and soil moisture and was not 
included in further analysis due to its strong collinearity with multiple 
variables. This is probably because forest site index’s do not distinguishing 
between dry and wet sites, both of which generate lower site index values. 
However, as many species are not adapted to cope with both drought and 
waterlogging (Niinemets & Valladares, 2006), species composition is largely 
influenced by soil moisture variation. Detailed studies of browsing together 
with agent-based wildlife models (or similar) would probably also have given 
further insights. However, one could argue that the complexity of the systems 
and processes investigated make it less likely that a single variable would 
distort the main results. This argument is supported by the fact that none of the 
different factors tested cancelled out the importance of all the other factors 
(Paper II).  

In Papers II and IV, different ways of assembling species matrices were 
used. Based on the sampling design, the sublevel plot 3 could then not be 
utilised for the approaches used in Paper II. For Paper IV, where the 
dominance of species was the focus, it was possible to incorporate subplot 
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level 3 and to check the findings from Paper II against this. This showed that 
the main patterns were the same. On incorporating the species matrices from 
Paper II into the multivariate regression tree analysis, the results were again 
similar; soil moisture and indicated soil fertility were the best predictors for 
clustering the species, with basically the same cut-off points (results not 
shown). Adding an extra subplot level so that there were three subplots on each 
transect for each zone would of course theoretically have been the simplest 
way to avoid such problems, but workload in the field dictated otherwise.  

7.3.2 What came first, the seedling or stem measured?  

For both Southern Main Line and Alnarps Västerskog, a major question is 
where the inventoried species originate from, i.e. whether the stems recorded 
along SML grew vegetatively (layering, suckering, sprouting), originated from 
the seed bank or from advance generation (sensu Oliver & Larson, 1996) or 
arrived as seed by wind or animals after the clearing. In the latter case, the seed 
could have come from the nearby forest or from elsewhere in the surrounding 
landscape matrix. This is very difficult to evaluate, but if resources had been 
available dendrochronological studies as employed by e.g. Mercier (2001) and 
seed bank sampling cultivation as performed by e.g. Buckley et al. (1997b) and 
Honu & Gibson (2008) could have been employed. In the data collected from 
SML, it was noted if the species seemed to be vegetative or not, but such 
observations were difficult in field. Accordingly, this aspect was not integrated 
in the further analysis, but the observation in the field (i.e. the field notes) and 
descriptive exploration of the data seem to point to a mixture of different 
regeneration strategies without any clear trends between the 78 sites. 

For Alnarps Västerskog, it was possible to recognise those species that were 
external within the edge, but not to identify whether a seedling of the planted 
species came from the internal seed rain or arrived through an external vector 
(animal or wind). Nevertheless, the clear differences between forest edges 
planted with an edge species mixture (shrub edges and mosaic edges) 
compared to the edge sections made up by the stand trees (tree edges) clearly 
indicate that zoochory species induce positive feedback loops for the amount of 
zoochory seedlings. Similarly, including trees increased the seed rain of those 
in the forest edge. By supporting some species to set seed (shrubs and small 
trees) and preventing other (larger trees) from doing so, the possibility to 
increase the amount of small trees and shrubs should increase. Although seed 
predation has been shown to be higher in shrub-dominated forest edges 
(Kollman & Buschor, 2003), the concentration of many zoochory species in 
such forest edges calls for explanatory models that must incorporate larger 
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amounts of propagules arriving, as well as fluxes in the amount of seed 
predators over time.  

7.3.3 Sampling approaches  

In this thesis, what could be regarded as ‘poor man’s’ stratified random 
sampling was used. In Alnarps Västerskog, the edge sections were divided into 
three equal parts and randomised within each part for the spontaneous 
vegetation transects. Similarly, for Southern Main Line the randomisation was 
done in subsequent groupings of seven forest stands along the line. However, 
in contrast to Alnarps Västerskog, the transect at each site in SML was 
systematically randomly sampled, i.e. the starting point was random in the 
form of the conductor post of the railway matching the randomly selected stand 
(this is similar to the approach used by Wagner et al. (2014) in transmission-
line ROW studies). This was employed since it was easier to apply in the field 
and is most likely more ‘efficient’ than full randomised sampling (Cochran, 
1946; Stevens & Olsen, 2004). One danger with such an approach is if the 
systematic distance ‘jump’ conceals a pattern (e.g. Sutherland, 1996; Aune-
Lundberg & Strand, 2014). In the present thesis it was assumed that this would 
be in relation to forest edge cross-section and hence the sampling was denser in 
that direction. Although this makes it harder to establish good (unbiased) 
variance estimators, it is done for example in most national inventories using 
systematic sampling, since the variance is usually overestimated using 
estimation methods from full randomised sampling (e.g. Aune-Lundberg & 
Strand, 2014). The stratified random sampling applied within this thesis uses 
only spatial location as auxiliary information, i.e. it only aims to get samples 
that are representative in location. In hindsight, a more efficient design for 
sampling could have been to incorporate important auxiliary variables using 
for example the local pivotal method (Grafström et al., 2012). It enables 
different sites to ‘compete against each other’ to create balanced sampling both 
spatially as well as for other auxiliary variables included, e.g. altitude or other 
GIS-based quantities.  

7.4  Discussion of analytical approaches 

7.4.1 Overall analytical approach  

When dealing with complex systems, it is often difficult to establish direct 
cause relations and in a world of noisy biological data, the reliability and 
suitability of different methods are still debated. Such problems often confuse 
the work of doing a PhD and during the journey of learning and working with 
different methods, it becomes apparent that the old saying by Box (1979) that 
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“All models are wrong but some are useful” is indeed true; although statistical 
modelling has greatly advanced over the years as computational power has 
increased. Therefore, as a way of endorsing and deepening statistical analysis, 
a sort of reversed data fishing approach was adopted in this thesis i.e. using 
multiple statistical approaches, not for the sake of finding publishable 
significant results, but to identify similar behaviour and patterns of the data 
across different approaches. The assumption was that this would provide more 
robust and reliable results as well as deeper insights into the different methods. 
This of course means that the analyses are explanatory and their interpretation 
and generalisation should take this into consideration. In such cases, p-values 
become “rough guides” (Palmer, 2015) that safeguard against over-
interpretation (Lepš & Šmilauer, 2007) and not mainly the probability of 
obtaining a result equal to or more extreme than that observed under the 
assumption of the constructed statistical null hypothesis. This conflicts with 
some classical positivistic approaches to statistical testing, but such approaches 
require a strong experimental base, which today is generally not available 
within the field of forest edge research. Following the same reasoning, three 
new controlled, experimental trials have been planned and established to 
provide an experimental base for further advancing the knowledge within the 
research field. 
  

7.4.2 Inheriting a trial for bad and good  

The trial of forest edge design parameters in Alnarps Västerskog, could be seen 
as a kind of Latin Square without replicates (Quinn & Keough, 2002). 
However, for pedagogic and logistical reasons, the design was not strictly 
spatially randomised. The Latin Square is problematic concerning interaction 
effects and is an extremely vulnerable design in relation to loss of replicates, as 
has been the case in Alnarps Västerskog (Quinn & Keough, 2002). Based on 
this, the statistical analysis of the design elements in Paper I was adapted to 
more explorative approaches of multiple univariate models. In hindsight, an 
alternative analytical approach could have been to use multivariate analysis of 
the species composition change and some average community traits. That said, 
it should be emphasised that in the absence of long-term forest edge 
experiments in afforestation, Alnarps Västerskog provides a valuable resource, 
especially since its development over a relatively long period can be analysed.  

7.4.3 Alternative methods of analysis  

There certainly exist a plethora of statistical approaches for modelling the data 
in Papers I-IV in this thesis. Some of the models presented could have been 
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more advanced and in other cases less advanced, following the reasoning of 
Murtaugh (2007). This is explained by my growing knowledge of statistics 
during the course of the work, but also because the main approach for the 
statistical modelling was to start with a basic simple approach and if this did 
not work concerning model and test assumptions, then move on to more 
advanced statistical approaches. This is the main reason why no generalised 
linear modelling or generalized additive models (GAM-models) (e.g. Zuur et 
al., 2009) were used, although they clearly lay within the range of possible 
methods for the univariate models employed. The continuous response 
functions approach of Ewers & Didham (2006) provides and interesting 
alternative to modelling if the edge effects had been the main focus of the 
research. This approach has clear similarities to the Huisman-Olff-Fresco 
(HOF) models of Huisman et al. (1993), which have been extended by bimodal 
response curves and some other interesting functionalities by Jansen & 
Oksanen (2013). However, there might still be concerns about spatial 
dependence between the different sampling distances that have to be 
incorporated in the modelling. To deal with such spatial dependence within a 
mixed model framework, it can often be sufficient to include a suitable 
covariance structure for random effects (Zuur et al., 2009), as was done in 
Paper IV but not in Paper I for the split-plot modelling. Spatial modelling and 
non-linear approaches to forest edge effects would clearly be interesting 
subjects for further research.  

7.5 Aspects beyond the scope of the thesis 

7.5.1 Other aspects of urban and infrastructure environments  

This thesis departs from the standpoint that forest edges, as part of urban and 
infrastructure environments, benefit from design and management approaches 
adapted to the specific constraints imposed by the surrounding land use. 
However, many important aspects of urban forest edges and infrastructure 
environments have been beyond the scope of this thesis, such as increased 
trampling (Florgård, 2000; Lehvävirta & Rita, 2002; Hamberg et al., 2008, 
2010b; Lehvävirta et al., 2014) and other socioecological edge effects 
(Matlack, 1993b), urban heat island effects (Oke, 1973), increased pollution 
and nutrient deposition (Hamberg et al., 2009b; Vallet et al., 2010; Trammel et 
al., 2011a), landfills from construction work (Trammel et al., 2011b) and 
changes in propagule dispersal (Westermann, 2001; Levey et al., 2005; Penone 
et al., 2012; Concepción et al., 2015) and browsing patterns (Forman & 
Alexander, 1998; Seiler, 2005).  
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7.5.2 Ecological traps  

One concern regarding forest edges and other habitats in infrastructure 
environments are that they might work as ecological traps for animals through 
traffic collisions (e.g. Gilroy & Sutherland, 2007; Helldin et al., 2015). Such 
effects were beyond the scope of this thesis, but should be considered in the 
management planning of forest edges in infrastructure environments. Helldin et 
al. (2015) suggest that such hazards can be minimised by directing the habitat 
improvement to the parts of the infrastructure corridor most distant from 
traffic. Therefore preferable a section of grassland/meadow vegetation should 
be maintained closest to infrastructure with a high amount of vehicles. 
Although flower-rich verges might induce mortality in insects though traffic 
collisions, Munguira & Thomas (1992), Hopwood (2008) and Skórka et al. 
(2013) point out that this is outweighed by the benefits of the infrastructure 
habitat. Such an approach would also support better lines of sight, reduce the 
collision risk and improve the overall forest edge habitat (Munguira & 
Thomas, 1992; Seiler et al., 2011).  

7.5.3 One among many forest edge types  

The focus of this thesis was on graded forest edge and related, more complex 
forest edge structures. As underlined by e.g. Andersen & Hübertz (1994), the 
goal in a landscape context should be to support as high diversity of different 
forest edge structures and species compositions as possible, rather than the 
same high diversity within each single forest edge. The same notion is raised 
by Larsen & Nielsen (2012), following Tregay (1986), that experienced based 
values are largely a product of the variation and assembly of different forest 
edge types in the landscape. This emphasise that the graded forest edge profiles 
research in this thesis should be seen as part of a wide variety of different 
forest edge types that can and should be used in different settings. As an 
example, in many settings the functions of a graded forest edge have to be 
weighed against the fact that it gives rise to lower visual penetration and 
physical access between forest interior and its surroundings. Depending on the 
spatial configuration of the forest edges, this can be considered a major 
disservice, since it often decreases the perceived personal safety (Jorgensen et 
al., 2002, Jansson et al., 2013). In such situations a visually open forest edge is 
more suitable. One important question to address in relation to this is how to 
obtain more visually open forest edges with high species diversity and complex 
structures. Resources needed to achieve different forest edge types must be 
included in such decisions, since species composition, spatial configuration and 
environmental characteristics will influence the management input needed to 
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guide the system towards wanted functions. Frameworks and knowledge on 
how to achieve this need further research and practical testing.  

7.5.4 Direct seeding 

Forest edges established by planting seedlings of desired shrub and tree species 
as researched in Alnarps Västerskog has parallels to  direct seeding. Not only 
lower establishment costs of seeding might be considered interesting but also 
the spatial extinction patterns that often follow seeding, since this can be 
expected to give rise to more heterogeneous structures. Direct seeding for the 
establishment of trees has been investigated in several studies (e.g. Löf et al., 
2004; Madsen & Löf, 2005), but the same cannot be said for shrub species. 
Although a few practical examples exist (Anon, 2004), to my knowledge 
research and practical experience of establishing forest edges through direct 
seeding is sparse. By using existing knowledge of seeding of trees together 
with horticultural information about shrub propagation from seeds of 
indigenous shrubs (Kopp, 1987; Schon & Schmalen, 1992) and knowledge of 
rodent predation on shrub species seeds (Kollmann et al., 1998; Jinks et al., 
2012), the possibility of direct seeding for establishment of forest edges is an 
interesting prospect for future investigation.  

7.5.5 Gradient turnover and edge effects  

Species turnover and compositional change are often used as ways of detecting 
ecotones. However, as heterogeneity and complexity are key features of forest 
systems (Levin, 2005; Kuuluvainen, 2009; Messier et al., 2015), distinguishing 
actual edge effects from the product of ‘natural’ turnover inside the forest may 
be problematic. One important aspect that was not examined in depth in this 
thesis was that the magnitude of ‘edge effects’ on structural attributes was 
closely related to intrinsic gradients in soil moisture and indicated site fertility. 
However, this is generally not discussed in relation to differences in reported 
edge effects in the literature. Although the distinction between mesic and xeric 
forest when selecting forest for investigation clearly implies that the aspect was 
taken into consideration by e.g. Hamberg (2009), it is seldom explicitly 
discussed. This type of discussion would probably also provide an interesting 
framework for interpreting the differences reported concerning site orientation 
aspects. For example, wet and fertile forest edge types could be assumed to be 
more resistant to edge effects across a south-facing edge than poor mesic forest 
edge types. However, higher productivity might influence structural 
composition and leaf area, inducing feedback mechanisms that influence the 
results (Murcia, 1995). The ability of species to handle the stress of shade 
compared with e.g. water stress will also affect such aspects.  
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7.5.6 Browsing dynamics  

Species dominance and community composition are greatly affected by 
browsing patterns (Gill & Beardall, 2001). Most species can be subject to 
browsing, but some are more frequently browsed than others and this may 
depend on season as well as the overall species composition in the landscape 
(Kalén, 2004). Browsing dynamics in the landscape are complex (Månsson et 
al., 2012) and are determined by e.g. population size of browsers, snow depth, 
season and number of disturbing vehicles. Moreover, landscape configuration 
and human density can affect the movements of large ungulates in relation to 
urban and infrastructure environments (Seiler, 2005; Olsson et al., 2011). 
Neumann et al. (2013) and Bartzke et al. (2015) have shown that human-
induced disturbance such as traffic decreases the number of large ungulates in 
relation to roads and the same is believed to apply to railways (Seiler et al., 
2011). A high urban density or a large amount of vehicles will hence probably 
affect the browsing patterns on vegetation. For example, Hamberg (2009) 
mentions this as a “hidden” reason for the higher abundance of Sorbus 
aucuparia in Finnish urban forest edges. In Papers I and III, the browsing was 
reduced by the initial fencing and field observation concluded that it was less 
important than crown competition. However, future evaluation of the ZSC trial 
(simulated in Paper III) will have to take the browsing aspect into 
consideration.  
 
For Papers II and IV, it is not possible to entangle browsing as an individual 
environmental characteristic, and instead it has to be interpreted as partly 
contained within the landscape structure. The large amount of rail traffic 
reported on Southern Main Line according to (Seiler et al., 2015) clearly 
indicates that it creates a barrier that hinders and frightens some animals from 
crossing it. How this affects the browsing pattern in the management corridor 
needs further investigation, including the trade-offs between the forage 
resources of the regrowth in the new management corridor in relation to the 
large food resources of power lines and clearcuts in surrounding landscapes. 
The ‘relocation’ of the forest edge away from railroads, as done by the 
Swedish Transport Administration through the extension of the management 
corridor to 20 m, most likely will help to decrease the amount of collisions. 
Continuous non-selective full clearing will result in a large amount of stems in 
the range 0.3 to 3 m, which is considered the general browsing height of larger 
ungulates in the Swedish landscape (Kalén, 2004). However, Götmark et al. 
(2005) and Leonardsson et al. (2015) report limited browsing for oaks 
(Quercus spp.) under 0.5 m height. Steering the regrowth past this release 
height from browsing in the new management corridor and keeping the 
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vegetation height in the old management corridor as low as possible is hence 
critical in the creation of graded forest edges and decreasing wildlife collisions. 
How different forest edge management systems and structures are affected by 
and affect browsing is an important research topic for the future. One important 
aspect is how much browsing different species can sustain in relation to its 
recruitment, for example Edenius & Ericsson (2014) have shown that although 
Sorbus aucuparia is more prone to be browsed than Populus tremula, it is also 
able to sustain higher levels of browsing. Edenius & Ericsson (2014) also 
found that the recruitment capacity of these two species is related to site 
productivity. Some species that are more prone to browsing can be facilitated 
by protection from other vegetation (e.g. Jensen et al., 2012). An important 
management aspect to consider is hence how different species react to being 
liberated from crown competition but also browsing protection.  

In a 10-year fenced trial with conservation thinning to promote oak 
regeneration in 13 mixed oak forests in Southern Sweden, Leonardsson et al. 
(2015) found that Sorbus aucuparia, Quercus species and Populus tremula 
were favoured by fencing but that the dominating shrub species, Corylus 
avellana and Frangula alnus, were more or less unaffected. The shrub species 
as a group also had a higher annual height increment above 130 cm than the 
broadleaved tree species in both fenced and unfenced areas. Although that trial 
was not conducted in a forest edge situation, it indicates that selective cutting 
giving rise to intermediate light regimes might be beneficial for shrub species 
and that they are not browsed away per se. Another aspect worth considering is 
that slash material left behind from cuttings has been reported to have a 
reducing effect (Grisez, 1960; Putman, 1994) or no effect (Fredericksen et al., 
1998; Edenius et al., 2014) on the browsing of seedlings and sprouts of 
coppiced trees.  

7.5.7 The ‘uncertainty’ of history   

Woody composition and structure is to large extent a product of earlier land 
use and history spanning back several hundred years (e.g. Rackham, 2006; 
Emanuelsson, 2009). This aspect was not evaluated in detail in the thesis. 
Detailed explorations including historical records and/or dendrochronological 
studies are interesting possibilities for further research concerning forest edges. 
Due to incomplete information and time constrains the former management of 
the forests bordering SML was not included in the analysis. In general, 
management intensity has been lower in the forest edge towards SML than in 
the surrounding landscape, as many landowners avoid felling direct alongside 
railway lines (Trafikverket, pers. comm. 2015). However, the high dominance 
of the two main commercial species Picea abies and Pinus sylvestris clearly 
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suggest influence of forest management. One could also argue that on many 
sites these species ‘naturally’ dominate in later successional stages (Sjörs, 
1967; Lindbladh et al., 2014), although forestry practices often speed up the 
process and enforce their dominance. Despite the magnitude of management 
effects on species composition in the stand, one can expect that the factual 
abundance recorded will lead to a high propagule pressure from the stand on 
the new management corridor established around SML. Therefore the eventual 
possibility of Picea abies and Pinus sylvestris dominance over time is high, 
although the appearance today might be a ‘commercial exaggeration’ of what 
would otherwise be a more ‘natural’ composition.  
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8 Outlook 

This thesis has contributed empirically substantiated information on how 
stationary graded forest edges in infrastructure and urban environments 
developed concerning woody species composition and vegetation structure. 
Based on the empirical findings, design and management concepts have been 
conceptualised and implemented in the establishment of three controlled 
experimental forest edge trials. The research has prompted the following topics 
and ideas for further research:  

 Defining suitable crown and growth models for shrub and shrub-tree 
species to support modelling approaches of forest edge development  

 Applying spatial modelling and indices in forest edge studies 
 Inclusion of land use history and agent-based modelling of herbivores 

in studies of forest edge along long complex environmental gradients  
 Establishment of management trials of forest edges including the 

browsing component 
 Trials where different management and design concepts are tested 

parallel 
 Utility analysis of different management options in urban and 

infrastructure environments combining empirical data and expert 
judgments of costs, biodiversity and other benefits.  

 Upscaling of the impact of different management options to landscape 
level using trial data, expert judgments, uncertainty analysis and 
spatial modelling.  

 Conceptualisation of design and management approaches for other 
edge types than stationary graded forest edges 

 Re-inventories of existing forest edge surveys to promote temporal 
datasets and long-term evaluation 

 Dendrochronological studies of forest edges in relation to land use 
history and environmental gradients 
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 Preference studies of different management alternatives and different 
planting design strategies. 

 Studies of browsing behaviour in relation to infrastructure, landscape 
structure and forest edge species composition and structure  

 Meta-analysis of forest edge effects studies, including covariates of 
basic soil and climate aspects.  
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”Ett ej litet antal av stockholmstraktens träd och framför allt buskar har här 

stämt möte. Det är alm, ask, rönn oxel, hägg, getapel, brakved, olvon, måbär, 

hallon, try, Rosa-arter – såväl de kroktaggiga lianerna som de låga raktaggia 

buskarna – samt rund – och spetshagtorn. Det är en fröjd att i den ljuva 

årstiden Pomona se snåren lysa vita av häggens, slånens och hagtornens fina 

blommor, vilka fylla luften med sina mättade amin-dofter. Rosornas skära 

blomsterprakt behärskar högsommaren, berberisbärens scharlakan och 

spetshagtornens korall hösten och vintern. Snåren ge skydd och hägn åt ett rikt 

småfågelliv.”  

 

 
 “No small number of Stockholm’s trees and particularly shrubs meet here. 

There is elm, ash, rowan, whitebeam, birdcherry, buckthorn, alder buckthorn, 

guilder-rose, mountain currant, raspberry, honeysuckle, roses, both climbing 

and shrub, and common and midland hawthorn. It’s a delight in the season of 

Pomona to see the thickets and scrub shine white with the blossom of 

birdcherry, blackthorn and hawthorn that saturates the air with its heady 

aroma. The pink of roses dominates the high summer, the scarlet of berberis and 

the red of hawthorns the winter. The scrub provides shelter and protection for a 

wealth of small birds.” (Freely translated) 

 
Quote from Rutger Serander’s (1926) book Stockholms Natur (page 176-177) 

describing the setting for Ålstensparken, one of the first nature parks in Stockholm 

that marked the change from garden-like parks to integrating and developing 

existing vegetation into that era’s ‘green infrastructure’ of nature parks in Stockholm 

(Andersson, 2000).  
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Appendix A: Terminology and definitions  

Adaptive capacity: Adaptive capacity is described as system robustness to changes in resilience 

(Gunderson, 2000). Based on this, it can be seen as the ability of a system to modify its 

structure and composition so it can sustain major functions or develop new functions (Filotas 

et al., 2014).  

Advancing edge phenomena: If the disturbance or stress regime that maintains the forest edge is 

removed or weakened, the forest edge will normally advance forward and reclaim the non-

forested land cover (Ranney et al., 1981). 

Assembly rules: Following the reasoning of Götzenberger et al. (2012), assembly rules are any 

constraint on species co-existence, as seen as restrictions on the observed data pattern. As 

such, assembly rules represent constraints on community composition and structure due to 

ecological filters of dispersal, abiotic environments, biotic interactions (Götzenberger et al., 

2012) and disturbance regime (Keddy, 1992). 

Community: A collection of species occurring in the same place at the same time (Fauth et al., 

1996). 

Competition: The tendency of neighbouring plants to utilize the same quantum of light, nutrients, 

water and space (according to Grime (2001)). 

Complex environmental gradient: The abstract dimensions of an ecological space where the 

relative position of ‘sites’ reflects similarity/dissimilarity of an environmental variable that is 

a representation of several environmental characteristics (adapted from Austin (1980, 1985), 

Diaz et al. (2008) and Jansen & Oksanen (2013)). 

Disturbance: Mechanisms such as browsing, fire and wind, which lead to plant biomass loss 

(according to Grime, 2001). 

Dominance: The advantage over other species gained in acquiring resources through large (total) 

size. Dominance often changes in plant communities through succession. At an early stage, a 

surplus of individual plants or stems often leads to dominance. In later successional stages, 

growing tall and wide often leads to dominance (Grime, 2001). 

Dominants: Species with a high dominance (major status) in the community at a given time 

(Grime, 2001). 

Dynamic filtering: The concept that ecological filters change in relation to each other and these 

effects change over time in relation to succession and disturbances (adapted from Temperton 

et al., 2004). 
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Ecological filter: The concept that different aspects of the environment act as filters or sieves to 

remove (filter away) species that are not adapted to the given environmental characteristics 

(adapted from Keddy (1992) and Diaz et al. (1998)). 

Ecosystem services: The benefits human populations derive, directly or indirectly, from 

ecosystem functions (Costanza et al., 1997).  

Ecotone: Ecotone is used here as in most general textbooks (e.g. Odum, 1971) as a transition zone 

between two communities. As such, an ecotone can be relatively narrow or wide depending on 

its context. However, it is argued by van der Maarel (1990) in accordance with van Leeuwen’s 

(1966) “limes converge” that an ecotone is a stress zone with large fluctuations giving rise to a 

fast and rapid change in species composition. Van der Maarel (1990) argues, in accordance 

with van Leeuwen’s (1966) “limes diverge”, that a relatively heterogonous and stable gradient 

zone instead should be referred to as an ecocline. The definition of ecotone and ecocline is 

hence also a question of the spatial and temporal scale used for the classification. Although 

van der Maarel’s (1990) arguments are in many ways compelling, the clear (over)use of the 

‘textbook’ definition justifies its use, as this avoids misunderstandings and separates its 

definition from ‘environmental gradient’, which is sometimes referred to as an ecocline or 

coecocline.  

Edge effect: A change of measured response variable that depends on the distance from the edge 

(considered two-dimensional in this case), i.e. a spatial effect on the variable investigated 

induced by the change of moving from one patch to another. The edge effect hence varies 

depending on the response variable investigated and how edges are defined. The edge effect 

can be positive or negative, while if there is no edge effect it is neutral (adapted from Strayer 

et al. (2003) and Ries et al. (2004)). 

Edge: The boundary between two different patches and hence dependent on the definition of 

patches. It can be considered as having either two or three dimensions. An edge is generally 

considered three-dimensional in this thesis (adapted from Strayer et al., 2003). 

Environmental characteristics: Umbrella term for spatially varying abiotic and biotic variables of 

the environment, operating at varying scale from site level to overall landscape composition 

and configuration (adapted from Diaz et al. (2008)). 

Environmental gradient: The abstract dimensions of an ecological space where the relative 

position of ‘sites’ reflects similarity/dissimilarity of an environmental variable. Samples of 

sites spanning a large set of the theoretical range of an environmental variable could hence be 

considered as representing a long environmental gradient (adapted from Austin (1980, 1985) 

and Oksanen & Tonteri (1995)). 

Facilitation: Interaction between organisms that benefit at least one of the participants and cause 

harm to neither (Stachowicz, 2001).  

Forest edge cross-section: The width of the forest edge perpendicular to the main elongation of 

the forest edge. 

Forest edge profile: The outer vertical shape of the forest edge towards the non-forested open land 

cover.  

Forest edge: Forest edges in this thesis are considered to be the physical vegetation structure 

forming the transition zone between forest and open land cover in various patterns and 

distributions between the two land uses. 
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Functional diversity: The value and range of those species and organism traits that influence 

ecosystem functioning (Tilman, 2001). 

Functional trait: A functional trait is one that strongly influences organism performance (McGill 

et al., 2006). 

Graded forest edge: also called “sloping” (Fry & Sarlöv-Herlin, 1997), “step-shaped” (Rydberg & 

Falck, 2000) “three-step” (Sarlöv-Herlin & Fry, 2000) “outdrawn” (Gustavsson, 2004) or 

“tapered” (Ruck et al., 2012), these are forest edges successively increasing in height from the 

periphery to the interior of the forest.  

Hierarchical filtering: The concept that filtering of species in the assembly of communities is 

hierarchical where global, regional and local species are related and filtered at different scales 

(adapted from Temperton et al. (2004) and de Bello et al. (2013)). 

Infrastructure environment: An area consisting of, or strongly affected by, roads, railways, 

airports, power lines and other infrastructure. Given the definition above, infrastructure 

environment does not have to be urban, but there can be infrastructure environments within an 

urban area.  

Initial floristics: All species establish approximately at the same time after disturbance but assert 

dominance at different times (Egler 1954; Oliver & Larson 1996). 

Landscape structure: The spatial pattern of the entire landscape mosaic (at a given scale). It can be 

quantified (or at least approximated) with landscape-level metrics and includes aspects of both 

landscape composition and configuration (adapted from Turner et al. (2001) and McGarigal et 

al. (2012)).  

Non-selective management methods: Management is applied equally over the management area 

without individually targeting certain species, groups, sizes or forms. 

Plant strategy: The adaptation of species to cope more or less with stress, disturbance and 

competition in their established and regenerative phases. In accordance with Grime et al. 

(2007), in this thesis plant/species strategy is considered to be synonymous with functional 

type.  

Planting design: The process of selecting and spatially combining different plant species through 

planting. As such, it regulates the initial species interactions and appearance through the 

decision of e.g. placement, spacing, plant qualities, planting patterns and establishment 

management.  

Relay floristics: A group of species establish after disturbance and are with time successively 

replaced by other species groups i.e., the successive appearance and disappearance of groups 

of species in the development of vegetation (Egler 1954; Oliver & Larson 1996). 

Resilience: Resilience in ecological systems is the amount of disturbance that a system can absorb 

without changing stability domains (Gunderson, 2000). Based on this, it can be seen as the 

potential of a system to recover its structure and functions after a disturbance (Filotas et al., 

2014).   

Resistance: Staying essentially unchanged despite the presence of disturbances (Grimm & Wissel, 

1997).  

Resources: Given the definition of competition (Grime, 2001), light, nutrients, water and space. 
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Ride: A linear open space through a forest established through a need for access. A path or track 

becomes a ride when it is wide enough for there to be a distinct continuous gap in the tree 

canopy above the ride (adapted from Ferris & Carter (2000) and Stephens (2005)). 

Selective management methods: Management that individually targets certain species, groups, 

sizes or forms within the management area. Note that within silviculture and forestry, 

selection and selective are sometimes used with slightly different meanings. Within other 

environmental management areas such as vegetation management of power lines, selective is 

the common term for such management methods.  

Site index: A tree species-specific metric used to indicate site productivity as the average height 

of dominant and co-dominant trees at a specified age (usually 50 or 100 years) (Hägglund & 

Lundmark 2007a; Puettmann et al., 2008). 

Stationary forest edge: If the forest edge is restricted from moving forward and its horizontal 

position is hence permanent for a given period, it is termed stationary.  

Stress: External constraints which limit the rate of ‘plant growth’ (dry matter production) 

(according to Grime, 2001). 

Subordinates: Species with a minor status in the community, i.e. they are subordinate to the 

dominant species that constitute the majority of the biomass. Subordinate although not quite 

dominant can have widespread occurrence (Grime, 2001). 

Trait: A trait is a surrogate of organismal performance (Violle et al., 2007) and is a defined 

property of organisms used comparatively across species or communities (adapted from 

McGill et al. (2006) and Garnier et al. (2007)). As multiple traits often relate, or are included 

in, a specific plant strategy, e.g. stress tolerance to drought (Stahl et al., 2013), this thesis 

adopts a wide and inclusive approach to the trait terminology. This means that proxies for 

complex suites of traits for a certain strategy are employed as interpretation instruments.  

Urban environment: An area where population density leads to land use that is substantially 

related to, or affected by, residential buildings, public services and facilities, commercial land, 

industrial land, transport and communication facilities.  

Vegetation structure: Structure refers to “the way the individual parts of something are made, 

built, or organized into a whole“(Treffry, 1999) and as such is scale-dependent. The spatial 

scale considered for vegetation structure in this thesis follows Gustavsson (1986) and is at the 

level of a forest stand. As such, the individual parts can be considered to be the individual 

species.  
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