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Introduction 
The boreal forest in Fennoscandia, typically dominated by Pinus sylvestris L. or Picea 

abies (L) Karst., is naturally heterogeneous with wetlands and lakes intermixed in the 

landscape. Previously, this forest was structured by natural disturbances such as fire, 

windstorms and insect or fungal outbreaks (Syrjänen et al. 1994; Kuuluvainen 1994; 

Esseen et al. 1997; Engelmark 1999; Kuuluvainen et al. 2002). In forests dominated 

by P. sylvestris fire disturbance varying in severity, return interval and spatial extent 

was the main natural disturbance (Zackrisson 1977; Niklasson and Granström 2000). 

Picea abies dominated forests were mainly affected by stand-replacing fires or small-

scale gap dynamics (Kuuluvainen 1994; Hörnberg et al. 1995; Esseen et al. 1997). 

The natural disturbance regime created a variable forest landscape with a large 

proportion of multi-aged and old stands (Kuuluvainen 1994; Esseen et al. 1997). 

These forests had high levels of coarse woody debris which is important for many 

forest species (Ohlson et al. 1997; Siitonen 2001). Near natural conditions still 

persisted in many areas before the 20th century but low intensity human utilization 

occured. During the 1940s clear-cutting of whole stands was introduced and soon 

became common practise (Östlund et al. 1997). Clear-cutting followed by 

scarification and replanting is currently the main forestry method. This intensive 

management with short rotation times has created a fragmented forest landscape 

dominated by stands of young, even-aged coniferous monocultures. The patches of 

natural forests still persisting in the landscape suffer from isolation and edge 

influence. Modern forestry threatens biodiversity in several ways. Important aspects 

include: 1) loss of old forest habitat and substrates, 2) fragmentation of habitat 

patches, 3) decreased quality of remaining patches due to isolation, and 4) reduced 

core areas and habitat quality in forest patches due to edge influence (Saunders et al. 

1991; Andrén 1994; Murcia 1995; Matlack and Litvaitis 1999; Franklin et al. 2002; 

Fahrig 2003). Edges influence the structure, function and dynamics of forest 

ecosystems by their effects on microclimatic gradients and biota at both the stand and 

the landscape level (Murcia 1995; Cadenasso et al. 2003; Harper et al. 2005). 
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Forest edges 
The term edge is used in the literature denoting a boundary, part of a boundary or a 

specific type of boundary, between two adjacent patches that differ in one or more 

aspects (Forman 1995; Fagan et al. 2003; Harper et al. 2005) (Table 1). The term 

boundary is also used by ecologists referring to a wide range of real and conceptual 

structures and needs to be thoroughly defined before use (Strayer et al. 2003). 

Otherwise, meaningful comparisons between studies are hardly possible. Transition 

zones between adjacent ecological systems have furthermore been denoted ecotones. 

They have been described as scale independent entities ranging from the level of 

biomes to plant population ecotones (Gosz 1993; Risser 1995). Throughout this thesis 

I use the term edge or forest edge to denote a sharp boundary between forests and 

adjacent less vegetated habitats following Fagan (2003). 

 
Table 1. Definitions of ecotones, boundaries, edges and forest edges used in the 
literature. 
 

Term Definition Refererence 

Ecotone A zone of transition between adjacent ecological 
systems, having a set of characteristics uniquely 
defined by space and time scales and by the 
strength of the interactions between adjacent 
ecological systems.  

diCastri et al. 1988 

Areas of steep gradients between more 
homogenous vegetation associations. 

Risser 1995 

A transition between two or more diverse 
communities. 

Odum 1971 

Boundary Combination of two edge zones of adjoining 
habitats  

Forman 1995 

Zone between contrasting habitat patches in 
spatially heterogeneous areas. 

Cadenasso et al. 
2003 

Edge Interface between different ecosystem types Harper et al. 2005 

The outer area of a landscape element exhibiting 
the edge effect 

Forman 1995 

A sharp boundary Fagan et al. 2003 

Forest 
edge 

Interface between forested and non-forested 
ecosystems, or between two forests of contrasting 
composition or structure. 

Harper et al. 2005 
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How is edge influence estimated? 

Edge influence (EI) is the effect of processes at the edge that results in differences in 

composition, structure or function near the edge, compared to the ecosystems on 

either side of it (Harper et al. 2005). EI can be estimated as magnitude and/or distance 

of edge influence (Table 2). The magnitude of edge influence (MEI) is the extent to 

which a measured parameter differs between the edge and the reference ecosystem 

(Harper et al. 2005). How far into the focal patch (e.g. forest) the EI is reaching is 

denoted distance or depth of edge influence (DEI) and is also known as edge width 

(Matlack 1993; Forman 1995). DEI has been estimated in various ways, all aiming to 

set the value of DEI to the distance into the patch where the measured parameter is 

not significantly different from in the interior, taking natural variability within the 

interior into account. The distance of edge influence (DEI) is used for estimating the 

total area in a patch or whole landscape that experience EI. This is denoted area of 

edge influence (AEI) and is calculated from DEI and the perimeter of a patch or the 

total edge length in a landscape. The area not affected by EI is often referred to as 

interior or core area. 

 

Short history on the study of edge influence 

The study of edges in the field of ecology is dating back to the beginning of the 20th 

century (Strayer et al. 2003; Ries et al. 2004). Edge effects were first used for 

denoting the tendency for increased variety and density of wildlife at community 

junctions (Odum 1971). Before the later part of the 1970s, edge creation was therefore 

often recommended as a tool for increasing wildlife in landscape management (Harris 

1988; Yahner 1988). The body of literature covering edges, ecotones, and boundaries 

has grown rapidly in the three last decades. Abiotic and biotic edge influence in 

various ecosystems, showing both positive and negative edge responses, have now 

been reported (Saunders et al. 1991; Chen et al. 1995; Murcia 1995; Cadenasso et al. 

2003; Ries et al. 2004; Harper et al. 2005).  
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Table 2. Definitions of different edge concepts used in the edge literature. 

Term Definitions of measures References 

Edge influence 
(EI) 

The effect of both abiotic and biotic 
processes at the edge that result in a 
detectable difference in compo-
sition, structure or function near the 
edge, as compared to the ecosystem 
on either side of the edge. 

Harper et al. 2005 

Chen et al. 1992 

Harper and Macdonald 2002 

Harris 1988 (edge effect) 

Murcia 1995 (edge effect) 

Tendency for increased variety and 
density at community junctions. 

Odum 1971  

Magnitude of 
edge influence 
(MEI) 

A measure of the extent to which a 
given parameter differs at the edge, 
as compared with the reference 
ecosystem. 

Harper et al. 2005 

Burton 2002 

Chen et al. 1992, 1995 
(significance of EI) 

Distance of 
edge influence 
(DEI) 

The set of distances from the edge 
into the adjacent community (e.g. 
forest) over which there is a 
statistically significant EI. 

Harper et al. 2005 

Chen et al. 1992  
(depth of EI) 

Forman 1995 (edge width) 

Matlack 1993 (edge width) 

Area of edge 
influence (AEI) 

The total area of a given patch or 
landscape subjected to significant 
EI. 

Harper et al. 2005 

Zheng and Chen 2000 

Core area / 
interior area 

The total patch or landscape area 
that consists of interior habitat (e.g. 
forest) outside the zone of 
significant EI. 

Harper et al. 2005 

 

 

Abiotic edge influence 

Edge creation results in steep edge-interior gradients in microclimate. The main 

causal factors behind these microclimatic changes are increased exposure to sun and 

wind. This results in alterations in air humidity, soil moisture, air and soil 

temperature, radiation levels and wind speed in edges compared to the interior (Chen 

et al. 1993; Chen et al. 1995). Microclimatic edge influence has been studied 

worldwide but is here discussed mainly for the boreal zone. 

Radiation is often increased considerably at edges but decreases rapidly inside 

the edge. The DEI for radiation depends on many factors such as edge orientation, sun 

 - 10 - 



angle (distance from equator) and tree height and branching pattern. In a boreal forest 

in northern Sweden, Renhorn et al. (1997) found four times higher light intensity at 

the edge compared to 100 m into mature P. abies stands. A study in similar forests in 

Norway indicate that DEI for light was 20-40 m (Olsen 1995). Wind often penetrates 

much deeper into the forests than radiation and a DEI of 2-3 tree heights has been 

suggested as a rule of thumb (Reifsnyder 1955). However, wind has been shown to 

penetrate deeper. In south east Norway Olsen (1995) found DEI for wind speed of 

100-200 m in forest dominated by P. abies or P. sylvestris and DEI over 240 m has 

been reported in other ecosystems (Chen et al. 1995). Air temperature is fluctuating 

more at the forest edge than in the interior, with higher day temperatures and lower 

night temperatures at the edge (Chen et al. 1995). Edge influence on air temperature is 

highly variable between geographical areas and seasons. Renhorn et al. (1997) found 

that edge-interior temperature gradients usually were less than 1°C in an east facing 

edge in northern Sweden. In southern Norway temperature changes were observed up 

to 30-40 m into the forest (Olsen 1995). Soil temperature is affected over shorter 

distances than air temperature (Chen et al. 1995). Further, relative humidity and soil 

moisture is varying with temperature. Often, it is both moister and cooler in the 

interior forest compared to the edge (Chen et al. 1993; Chen et al. 1995).  

In addition to microclimatic differences between forest edge and interiors 

there is also an increased deposition of particles and ions (Balsberg Påhlsson and 

Bergkvist 1995; Weathers et al. 1995). This can affect species responses at forest 

edges.  

 

Biotic edge influence - forest structure 

Trees in newly created forest edges are particularly vulnerable to the increased wind 

exposure after removal of surrounding trees (Saunders et al. 1991; Esseen 1994; 

Valinger and Fridman 1999; Burton 2002). Uprooting and stem breakage of trees in 

edges are documented in studies throughout the world (Williams-Linera 1990; Chen 

et al. 1992; Esseen and Renhorn 1998; Laurance et al. 1998; Harper and MacDonald 

2002; Jönsson et al. 2007; Zeng et al. 2009). Soil disturbance following uprooting can 

penetrate up to 50 m in fragments of P. abies forests in northern Sweden (Esseen 

1994). Wind is an important factor in modelling of damage risk in forests (Gardiner et 

al. 2008) and forest edges are assessed in many models as edges are considered areas 
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with increased risk of tree mortality (e.g. Peltola and Kellomäki 1993; Talkkari et al. 

2000; Mitchell et al. 2001; Zeng et al. 2004; Olofsson and Blennow 2005). 

The high level of tree mortality at forest edges supplies the edge zone with an 

increased amount of logs and snags (Chen et al. 1992; Snäll and Jonsson 2001; Burton 

2002; Rheault et al. 2003). This wood can possibly be utilized by species associated 

with dead wood if microclimatic conditions are suitable. Accordingly, stem density 

and cover of living trees have been found to be lower in the edge zone shortly after 

edge creation (Chen et al. 1992; Gelhausen et al. 2000; Harper and MacDonald 2002; 

Burton 2002). In natural wetland edges in boreal Sweden, Esseen (2006) found higher 

stem densities but lower basal areas of trees at the edge compared to the interior of 

forest islands. 

 

Biotic edge influence - species responses and biodiversity patterns 

The altered microclimate and the changes in forest structure in edges inevitably have 

considerable consequences for species occurrences and biodiversity patterns in the 

landscape. Edge influence seems to be highly species and site-specific. Positive, 

negative as well as neutral responses have been reported in a wide array of species 

and ecosystems, as discussed by e.g. Ries et al. (2004). At large spatial scales, the 

transition zones (ecotones) between biomes often holds a high biological diversity, 

partly explained by the mixing of species pools from adjoining regions (Risser 1995). 

Mixing of species pools also occurs at the scale of patches e.g. (Baker et al. 2002) and 

can affect interactions between species (Ewers and Didham 2006). Edge zones may 

therefore host higher species diversity than the interior of the adjoining patches e.g. 

(Magura 2002). Wildlife has traditionally been viewed as responding positively to 

increased edge density (Harris 1988; Yahner 1988) and many generalist herbivores 

show this pattern (Lidicker 1999; Wirth et al. 2008). Forest edges can therefore be 

important foraging habitats for predators (Andrén 1995). However, most species 

occurring in edges are generalists and rare species are scarce (Forman 1995).  

Edges may also be negative for many organisms, particularly for specialist 

species that are associated with interior forest habitat. For example, it is known from 

numerous studies that many bird species are subjected to elevated levels of nest 

predation near edges (Paton 1994; Andrén 1995; Hartley and Hunter 1998; Chalfoun 

et al. 2002; Stephens et al. 2004, but see Lahti 2001). This pattern is predominately 
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found in forest landscapes fragmented by agriculture, and is much less common in 

landscapes fragmented by forest harvesting (Andrén 1995; Chalfoun et al. 2002). 

Although invertebrate species show a very diverse spectrum of responses to forest 

edges reflecting their wide range of habitat preferences, there seem to be few edge 

specialist species among the carabid beetles (Niemelä et al. 2007). The edge between 

forest and open land is an effective barrier, both for forest and open area specialists 

(Heliölä et al. 2001) while generalist carabid beetle species can easily cross the edge 

(Niemelä et al. 2007). Herbivorous insects are found in large densities along edges 

(Wirth et al. 2008).  

In plants, abiotic and biotic gradients near edges may alter the composition 

and structure of forest communities (Harper et al. 2005). Forest understory plants 

have been found in higher abundances in interiors as compared to near edges in 

Canada (Gignac and Dale 2005; Nelson and Halpern 2005). On the contrary higher 

number of exotic species made species richness higher near forest edges, in a study in 

eastern US (Fraver 1994). 

Fungi and poikilohydric organisms such as bryophytes and lichens are 

sensitive to alterations in microclimate making them prone to show responses to 

edges. Snäll and Jonsson (2001) assessed edge influence on old-forest indicator fungi 

(polypores) in woodland key habitats in boreal Sweden. They found higher numbers 

of suitable logs but a lower frequency of indicator fungi at the edge compared to the 

interior. In a similar study in eastern Finland Siitonen et al (2005) compared edge 

influence in old-growth forests adjacent to young and old clear-cuts as well as natural 

edges adjacent to wetlands. They found that a light adapted fungus showed a positive 

edge response in newly created edges, while the frequency of old-forest indicator 

fungi was lower near young clear-cuts. However, in older and natural edges they 

found a peak of old-forest specialists 25 m into the forests. This might be attributed to 

higher spore deposition and rainfall close to the edge compared to the interior of the 

forest, in combination with that logs at some distance from the edge are less affected 

by drought (Jörgen Olsson, pers. com.).  

Bryophytes and lichens cannot regulate uptake and loss of water. Hylander 

(2005) found a strong negative edge influence on growth of two forest floor bryophyte 

species in south facing edges in Sweden. Similar results were obtained by Stewart and 

Mallik (2004) studying edge influence in riparian buffer zones. A study in a natural 

forest-wetland mosaic in northern Sweden also suggests that liverworts are sensitive 
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to the dry conditions at forest edges (Moen and Jonsson 2003). Pendulous epiphytic 

lichens are sensitive to thallus fragmentation by wind and may show large population 

reductions close to boreal forest edges (Esseen and Renhorn 1998; Hilmo and Holien 

2002; Rheault et al. 2003; Esseen 2006). In contrast, growth conditions may be 

favourable near edges for some lichens (Renhorn et al. 1997; Coxson and Stevenson 

2007; Paper IV). This is probably attributed to high light levels in edges and in open 

forests which can favour growth (Gauslaa et al. 2006; Gauslaa et al. 2007; Paper IV). 

Growth response is thereby not likely the causative factor for the observed decline. 

Instead, stochastic disturbance events, particularly fragmentation by heavy wind- and 

rainstorms or high snow loads, are likely to be the major factors reducing the amount 

of pendulous lichens in edges (Esseen and Renhorn 1998). In sheltered edges or in the 

vicinity of small gaps, where lichen fragmentation is unlikely, pendulous epiphytic 

lichens can thrive (Esseen et al. 1981; Keon and Muir 2002; Josefsson et al. 2005; 

Paper IV). 

Evidently, there is species-specific information on edge influence available for 

a wide spectrum of species in a variety of ecosystems. It is apparent that edge 

influence is both site- and species-specific. Most studies have, however, assessed the 

most exposed edges in their ecosystems, where detection of edge influence is highly 

likely. Therefore, the DEI estimates previously reported are not representative for 

edge influence at the landscape level. In order to assess the large-scale edge influence 

on biodiversity we need the species-specific data, but also detailed landscape-level 

data on edge density, edge quality and the variability in these factors between 

landscapes. 

 

Factors affecting edge influence at the landscape level 
The amount of forest edge in the landscape together with species-specific distance of 

edge influence (DEI) is used for estimates of landscape-level area of edge influence 

(AEI). However, the strength and spatial scales of the edge influence is affected both 

by local and regional factors (Saunders et al. 1991; Murcia 1995; Harper et al. 2005) 

that should to be accounted for when determining AEI, (e.g. Zheng and Chen 2000). 

Important edge attributes includes: edge type, edge origin and maintenance of edge, 

the contrast in vegetation height, cover and other structural attributes between the 

adjoining habitats, as well as edge shape and orientation (Ries et al. 2004; Harper et 
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al. 2005). Neighbourhood attributes such as size and direction of the open habitat will 

further modify edge influence as will slope, slope aspect and topographical location, 

i.e. valley bottom, slope, or hill top (Saunders et al. 1991; Harper et al. 2005).  

 

Forest edge density across the landscape 

The length of forest edges on an area basis is denoted forest edge density and is 

measured in meter edge per hectare. Quantification of edge density is an important 

step towards understanding landscape level effects of edges on forest structure and 

biodiversity patterns (Esseen et al. 2006, Paper I). A wide range of methods for edge 

detection, classification and quantification using both field and different remote 

sensing approaches have been developed (Johnston et al. 1992; Jacquez et al. 2000; 

Fortin et al. 2000; Fagan et al. 2003 Esseen et al. 2006, Paper I). Edge density 

estimates for the same landscape may, however, vary extensively between methods. 

This has been put forward as one of the largest problems for meaningful comparisons 

of edge density among studies (Fortin et al. 2000; Csillag et al. 2001). Edge detection 

and quantification is also dependent on the spatial scale and data sources used 

(Johnston et al. 1992). Field studies mainly adopt transect based methods that can give 

detailed information on location of edges and their structural attributes, but have 

limited possibilities to cover large areas as they are time-consuming. Edge 

quantification by remote sensing, on the other hand, can easily cover large 

geographical areas but generates less detailed data. Satellite imagery has often been 

used for extracting information on boundaries at different spatial scales (Metzger and 

Muller 1996; Fortin et al. 2000; Zheng and Chen 2000) and is well suited for 

detecting both sharp and more gradual transitions. Aerial photographs have a high 

spatial resolution that enables recording of the precise position of edges (Næsset 

1998) and extraction of detailed forest data (Holmgren et al. 1997; Esseen et al. 2006, 

Paper I) and edge attributes such as orientation, contrast and neighbourhood 

attributes (Paper III). Line intersect sampling (LIS) (Matern 1964) is a suitable 

method for quantification of edges in aerial photographs (Corona et al. 2004; Esseen 

et al. 2006, Paper I). As the method is sample based and the aerial photographs have 

high resolution, the method is less dependent on spatial resolution for accurate edge 

density estimation than raster based methods. It is, however, important to address the 

problem with non-random orientation of objects (Ringvall and Ståhl 1999) by using 
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layouts with inventory lines running in more than one direction, preferably radial 

(Hildebrandt 1973; Schuerholz 1974) or random. Edge quantification using LIS has 

other advantages compared to conventional polygon delineation and mapping (Corona 

et al. 2004; Esseen et al. 2006, Paper I). In LIS, the ecotone length is based on 

interpretation of edges only along the sample lines. This dramatically decreases the 

risks both to overlook edges and to record edges not present (Corona et al. 2004). On 

the other hand, sampling does not produce a map of all edges in the landscape. Edge 

density estimates also depend on the detection criteria used in specific studies. In 

boreal forests, only a few studies have quantified edge density. Edge densities up to 

150 m ha-1 have been reported (Löfman and Kouki 2001). 

 

Edge types, edge origin and edge maintenance 

Total edge density is, however, a rather blunt tool for assessing landscape 

transformation. Knowledge on the density of different edge types will enhance our 

understanding of biotic and abiotic edge influence (e.g. Löfman 2007; Martin et al. 

2008) and fragmentation pattern (Zeng and Wu 2005). Natural and anthropogenic 

edges are formed by very different processes. Landscapes can be naturally 

heterogeneous with open habitat such as wetlands, water bodies, and other naturally 

unvegetated or sparsely vegetated land interspersed in the forest. This forms a 

background of long-lasting natural edges. These edges are formed by large scale 

climate and landscape topography and are persistent over very long time scales. 

However, these edges are often gradual or of low contrast suggesting a less 

pronounced edge influence. Edges formed by natural disturbances such as fires or 

large blow-downs generate more temporary natural edges.  

Anthropogenic edge-creating processes are the most significant and include 

both permanent conversion of forest land and temporal alteration of old forest to 

young stands (Franklin and Forman 1987; Mladenoff et al. 1993; Harper et al. 2005). 

The man-made maintained edges facing roads, power lines, agricultural land and 

urban areas, are often kept open by prohibiting forest regeneration. Maintained forest 

edges can therefore be rather long-lasting. They may have considerable effects in the 

landscape as they both divide larger patches and contribute to isolation of forest 

fragments due to reduced permeability for species (Forman 1995). However, 

 - 16 - 



maintained edges are often sealed (sensu Harper et al. 2005) by increased vegetation 

growth in edges which limits the distance of edge influence.  

Edges created by forest harvesting (regenerating edges) are more short-lived 

and the contrast between harvested and non-harvested stands will fade away over time 

(Harper et al. 2005). These edges can, however, be very severe due to high contrast 

and the sudden exposure of interior forest species to the dry, sunny and windy edge 

conditions.  

 

Edge orientation and shape 

Edge orientation is important for determining the edge influence for many different 

microclimatic factors (Matlack 1993; Chen et al. 1995; Gelhausen et al. 2000). 

Radiation will mainly affect edges facing the equator (Murcia 1995). Humidity and 

wind in the edge zone differs between edge orientations, due to both radiation levels 

and the prevailing wind direction. The main direction of catastrophic winds in relation 

to edge orientation will affect the magnitude and distance of EI for wind caused 

damage to trees (Burton 2002), and thallus fragmentation of epiphytic lichens (Esseen 

and Renhorn 1998). The distance of edge influence for invading open habitat vascular 

plant species can also be dependent on edge orientation. In a study on the edge 

influence on vascular plants in eastern US, Fraver (1994) found that distance of edge 

influence (DEI) was longer in south-facing than in north-facing edges. A similar 

pattern was found by Honnay et al. (2002) in Belgium. Growth of two bryophyte 

species was higher in north-facing than in south-facing edges in northern Sweden 

while there was no detected difference in DEI (Hylander 2005). In middle boreal 

Finland, Kivistö and Kuusinen (2000) found a lower diversity of lichen species on P. 

abies trunks in south-facing edges than in the interior, while no edge influence was 

detected in north-facing edges. 

Edge shape influence both edge exposure to wind and biotic interactions at the 

edge. Convex edges will be subjected to edge influence from many directions and 

concave edges are likely to be more protected. However, concave edges downwind 

prevailing wind direction might experience substantial turbulence that can cause tree 

damage (Kimmins 2004). The curvilinearity of boundaries has been proposed to affect 

wildlife movement along and across the edge. Straight edges may function as barriers 

and channel movement along rather than across edges (Forman 1995). Edges with 
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complex shapes are, however, by default longer than straight edges resulting in a 

higher landscape-level edge density.  

 

Contrast between adjoining habitats 

The term patch contrast is used by Harper et al. (2005) to summarize differences in 

composition, structure, function or microclimate between adjoining habitat patches on 

both sides of an edge. Patch contrast is therefore composed of many interacting 

factors such as contrast in structure between the forest and the adjacent habitat, edge 

orientation, and characteristics of the adjacent habitat. Edge contrast comprises the 

differences in vegetation height, cover and species composition between forests and 

adjacent habitat (Ries et al. 2004). Empirical studies aiming at quantifying the effect 

of edge contrast have used slightly different contrast definitions. Edge contrast has 

been assessed as contrast in vegetation height between adjoining habitats (Paper IV), 

differences in vegetation and tree density inside the edge (Lovejoy et al. 1986; 

Williams-Linera 1990; Didham and Lawton 1999; Cadenasso and Pickett 2000; 

Hanson and Stuart 2005), differences in tree density and composition on the adjacent 

habitat (Denyer et al. 2006; Coxson and Stevenson 2007; Stevenson and Coxson 

2008), or a combination of the above (Matlack 1993; Matlack 1994).  

 

Neighbourhood attributes 

As Kupfer et al. (2006) points out, studies on edge influence and fragmentation effects 

on biota needs to consider not only the focal forest patch but also the surrounding 

habitat. The size of the open area neighbouring the edge will affect edge influence by 

altering edge microclimate and species interactions in the edge zone. A large 

neighbourhood implies a larger wind fetch that can affect the extent of tree fall and 

tree damage (Gardiner et al. 1997; Burton 2002; Scott and Mitchell 2005; Olofsson 

and Blennow 2005; Panferov and Sogachev 2008). Epiphytic lichens have also been 

shown to respond differently to small versus large harvest units (Hilmo et al. 2005). 

Pendulous epiphytic lichens that are prone to fragmentation by high winds are thus 

negatively influenced by a large wind fetch.  
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Objectives 
This thesis focuses on sharp forest edges due to their documented effects on 

biodiversity. The overall aim is to quantify and characterise edges at the landscape 

level, as a basis for understanding their potential influence on biodiversity in boreal 

forest ecosystems. My studies are mainly performed at the scale of landscapes, since 

edges affects large proportions of fragmented and naturally heterogeneous 

ecosystems, and since species may respond to processes at larger scales than patches.  

 

The specific objectives are to: 

 

• Develop and evaluate an accurate and efficient method to assess the quantity 

and quality of sharp forest edges using aerial photographs (Papers I, II). 

 

• Assess the variability in lentgh of forest edges and edge types among 

landscapes in a gradient of managed boreal forest (Paper II). 

 

• Estimate the variability in the potential for edge influence on microclimate at a 

landscape level using edge types, orientation, canopy structure, and attributes 

of the neighbourhood (Paper III). 

 

• Test whether the contrast in tree height between forest and adjacent habitat 

and the distance into the forest will affect growth of pendulous lichens, using 

Usnea longissima as model species (Paper IV). 

 - 19 - 



Study areas 
The study was conducted in northern Sweden in an area ranging 830 km from south to 

north and 460 km from east to west. This area comprises a gradient from southern to 

middle and northern boreal zones in Sweden (Ahti et al. 1968) below the mountain 

range. The forests are typical Fennoscandian forests dominated by P. abies and P. 

sylvestris, with minor proportions of deciduous trees (mainly Betula pendula Roth, B. 

pubescens Ehrh., and Populus tremula L.). The area has been managed for long time 

but most intensively since the 1950s and is now comprised of stands in various 

successional stages (Fig. 1), ranging from young clear-cuts to mature stands, with 

only small areas of old forest persisting in nature reserves and remote areas. 

Numerous wetlands, lakes and river are interspersed within these forests and valleys 

are mainly extending north-west to south-east. The vegetation period (average 

temperature >5°C ) varies from 120 in the northern part of the area to 210 days in the 

south (Anon. 1990). Mean annual temperature ranges from -2°C to 5 °C (Anon. 

1995). Annual precipitation varies from 600 to 900 mm, of which 25 to 45% falls as 

snow (Anon. 1995). 

 

 
Figure 1. Fragmented boreal forest landscape in northern Sweden. Photograph by Per-Anders Esseen.  
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Methodological approaches 
I have used two main approaches in this thesis. First, a method for forest edge 

quantification using interpretation of colour infrared aerial photographs (Fig. 2) in 

combination with line intersect sampling (LIS) and sample plots was developed 

(Paper I). This method was then utilized for collecting data on edge density and edge 

types (Paper II) as well as edge, canopy contrast and neighbourhood characteristics 

(Paper III). Second, an experimental field approach was used to assess effects of tree 

height contrast on an epiphytic lichen (Paper IV).  

 

 
Figure 2. Colour infrared (CIR) aerial photographs were used to collect data on forest density of forest 
edge, edge types, edge orientations and canopy and neighbourhood attributes. The large area in the 
middle of the photo is a new clearcut. Photograph from the National Inventory of Landscapes in 
Sweden (NILS). 
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Air photo interpretation and LIS 

I used scanned colour infrared aerial photographs from the National Inventory of 

Landscapes in Sweden (NILS) as data source. I manually interpreted edge attributes in 

a digital photogrammetric system with stereo coverage of the landscapes (Esseen et al. 

2006, Paper I, II and III). Aerial photographs have the advantage of very high 

resolution. In infrared photographs the large colour differences between forest types 

make interpretation of tree species composition and forest developmental stage 

possible (Ihse 2007). I superimposed inventory lines on the photos and performed a 

line-based inventory of sharp forest edges using line intersect sampling (LIS) (Matern 

1964). LIS is a simple and statistically robust method for sampling different kinds of 

objects (Matern 1964; Battles et al. 1996; Corona et al. 2004; Esseen et al. 2006, 

Paper I). I used a sampling effort of 1 km line per square km, to estimate the length 

of forest edges on a land area basis (edge density). Forest edges that fulfilled specific 

edge detection criteria (see Paper I and II for details) were recorded. A circular 

sample plot was established at the edge intersection point. I recorded structural 

attributes in both the forest and the adjacent habitat (Paper I, II, III). In Paper I I 

tested the air photo interpretation against field data and located start and end points of 

inventory lines using a GPS receiver. 

I separated edges into two types: corridor edges (facing 5-19.5 m wide open 

elements) and patch edges (width ≥20 m). Edges were classified as of natural origin or 

created by anthropogenic processes (maintained or regenerating). To assess 

relationships between landscape composition and geographical position on amount of 

edges (Paper II) I compiled data on several landscape variables. Data on different 

land cover types and forest age as well as geographical position (latitude and altitude) 

was extracted from raster data with spatial resolution of 25 m. Measures of landscape 

composition and configuration were calculated using FRAGSTATS (McGarigal et al. 

2002). 

In Paper III I assessed the orientation and shape of the edges as well as canopy 

structure and neighbourhood attributes. The contrast between adjoining patches was 

assessed as the difference in tree height. Size and orientation of the neighbouring 

habitat adjacent to the edge was also estimated using radiating fetch lines (Paper III). 
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Field experiment 

I tested the effect of contrast in tree height on growth of an epiphytic lichen at forest 

edges (Paper IV). I collected thalli of the old growth forest lichen Usnea longissima 

and transplanted them to three distances (0-100 m) into the forest at nine sites 

representing three levels of contrast in tree height. I measured lichen weight and 

length of the lichen before and after the one year experimental period to analyze the 

treatment effect on the annual growth rate. Potential for photosynthetic capacity of the 

lichen was assessed as chlorophyll a concentration in the thalli at the end of the 

transplantation period using standardized techniques (Palmqvist and Sundberg 2002). 

 

Results and discussion 
Quantification of sharp forest edges   

The method I have developed (Paper I) can be used to estimate edge density and to 

describe important edge attributes. Data collection is four times more efficient with 

the digital photogrammetric system compared to field inventory. The accuracy in edge 

type classification was high (88%). There was, however, some degree of mismatch 

between the air photo interpretation and the field sampling. The air photo inter-

pretation systematically underestimated tree height by approximately 2 m. With the 

strict edge detection criteria used (forest tree height ≥10 m, tree height in adjacent 

patch ≤5 m) this induced some errors in edge density estimates and in edge type 

classification. Edge density was thereby slightly underestimated in the air photo 

interpretation compared to field sampling and a few edges were classified as clear-

cuts instead of young forest. Therefore, the criteria were somewhat modified in Paper 

II to include evident edges that were detected but not recorded in Paper I. Overall, 

the method has many advantages. The position of edges can be determined with high 

precision. The high spatial resolution in aerial photographs makes it possible to 

describe both the edge itself and the adjoining habitats in detail, including both edge 

attributes and canopy attributes such as tree height, canopy cover and tree species 

composition. Patch contrast can be described using these variables (Strayer et al. 

2003; Harper et al. 2005). Furthermore, different edge detection criteria may be 

applied, making the method useful for studies addressing a wide range of questions. 

However, the method is best suited for detection of sharp edges. Analysis of satellite 

data is better suited to cover the whole range of forest ecotones that occur in nature 
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(Jacquez et al. 2000; Fortin et al. 2000). My quantification method can furthermore 

provide critical information of many additional attributes, such as local or regional 

context variables. Important context variables include the size, shape, orientation of 

the neighbourhood as well as the local topography. The method is suitable for large-

scale comparisons of edge density and key edge variables in managed and natural 

forest ecosystems and can also be used in retrospective studies of long-term changes 

in the amount and types of edges. 

 

Edge density in boreal forest landscapes 

Sharp forest edges are abundant in the boreal forests of northern Sweden. I recorded a 

total of 1448 forest edges in 28 landscapes (each sized 1600 ha) in Paper II. This 

corresponds to a mean total edge density of 54 m ha-1, however, with large variability 

among landscapes (12 - 102 m ha-1). Thirty percent of the edges were corridor edges, 

presumably with weaker edge influence and 70% were patch edges.  

Natural edges were most abundant, constituting 38% of total edges. I recorded 

natural edges in all landscapes, with the lowest proportion being 10% of edge density. 

However, created edges dominated in the dataset, with maintained edges constituting 

36% and regenerating edges 26% (Paper II). Within the main edge types I recorded 

several (34) specific edge types, as defined by combinations of forest type and type of 

adjacent habitat. 

Edge density increased with the proportion of land disturbed by human activity 

and decreased with latitude and altitude. The highest edge densities were thus found 

in landscapes highly fragmented by forestry and agriculture located at low elevations 

in the southern range of the study area. However, natural and created edges showed 

contrasting patterns. Natural edges increased with the degree of naturally open land 

while maintained and regenerating edges showed the opposite pattern. Density of 

regenerating edges was strongly positively correlated with the proportion of disturbed 

land, while weaker correlations were found for maintained (positive) and natural 

edges (negative). The amount of edge in a landscape varies with both landscape 

configuration and composition (Franklin and Forman 1987; Fahrig 2003). The 

landscapes I studied were distributed over a substantial geographic gradient and 

represented large variation in management intensity. Southern and coastal areas were 

subjected to human influence and forest management long before the northern and 
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interior areas as forestry gradually proceeded northwards and towards the mountain 

region (Östlund et al. 1997). General gradients in forest productivity and natural 

landscape heterogeneity largely follow the same basic pattern (Anon. 1990). 

Landscape geographical position (latitude, altitude) largely summarize the observed 

trends in edge density in this region (Fig. 3). 
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Figure 3. Total edge density decreased towards higher elevations and towards the northern part of the 

study area. Solid lines represent linear regressions. 

 

The high edge density and the large variation in edge types in boreal forests imply that 

edges in boreal forests may have numerous ecological consequences (both negative 

and positive) for biodiversity. This must be taken into account when formulating 

strategies for sustainable forest management. In landscapes where natural or semi 

natural forests are still present, strategies must focus on habitat protection and to 

avoid fragmentation. On the other hand, focus in severely fragmented areas must be 

on restoration. Edge influence in the remaining forest patches should be reduced and 

habitats for threatened forest species should be restored or recreated. We need 

ecosystem-based management strategies and long-term spatial forest planning to 

improve conditions for biodiversity in the boreal forest landscape (Kuuluvainen et al. 

2002; Öhman and Lämås 2005; Lindenmayer et al. 2006). 
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Edge, canopy and neighbourhood attributes 

There was a large variability in estimated edge, canopy and neighbourhood attributes 

between edges. This suggests that potential for edge influence is varying extensively 

among edges in boreal forest ecosystems. Edge orientation is determining the amount 

of incoming solar radiation as well as exposure to prevailing wind. Natural edges 

were predominately facing NE and SW in the studied landscapes. This is due to that 

wetlands and water bodies are often extending NW to SE in the area, following the 

large-scale bedrock morphology and the movement direction of the inland ice (Anon. 

1994). Regenerating and maintained edges did not show any distinctive pattern 

regarding edge orientation.  

The contrast in tree height, varied between 5 and 25 m. This suggests a large 

variability in microclimatic conditions between edges, with some edges being 

sheltered and other very exposed. Forests adjoining natural habitats were both lower 

and more open and had lower height contrast than forests adjoining maintained or 

regeneration patches (Fig. 4a). Moreover, edges facing regenerating forests were 

subjected to larger neighbourhoods (Fig. 4b) and thereby higher risk of e.g. wind 

damage, than natural and maintained edges. Regenerating edges are subsequently 

more exposed than natural edges and are likely to experience more pronounced edge 

influence.  
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Figure 4. A) Natural edges had the lowest tree height contrast. B) Regenerating edges were subjected 

to the largest fetch. Boxes represent mean values and bars are 2SE. 
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I deduce that ecosystems experiencing large scale human induced disturbance contain 

considerably more high contrast edges than natural ecosystems, resulting in a 

increased risk of negative edge influence. One third of all edges were both high 

contrast edges and adjoining open areas wider than 100 m, suggesting that they are 

edges with high potential of strong edge influence. My results further suggest that 

forest edges constituting potential sites for species associated with interior habitats in 

old forests are more exposed than edges in general. This emphasizes that conservation 

should concentrate on minimizing the formation of such edges, and on reducing edge 

influence at existing edges. The latter approach may involve creation of buffer strips; 

managed to shelter the interior habitat. The large variability in potential for edge 

influence implies that species are very likely to show diverse responses to edges. This 

is also reflected in the edge literature were negative, positive and neutral edge 

responses are reported (Ries et al. 2004), sometimes for the same species or factor 

studied.  

 

Growth of an epiphytic lichen at forest edges 

Both distance into the forest stand and height contrast influenced growth and 

chlorophyll concentration of the pendulous lichen Usnea longissima. The effects were 

most pronounced for long thalli. Weight gain for thalli transplanted close to the edges 

was twice as high (23%) compared to the forest interior (12%) during the one year 

transplantation period. Further, I found that growth was positively correlated with 

chlorophyll a concentration and that the pigment was highest in thalli transplanted to 

positions near the edge. The high chlorophyll a concentration near edges also possibly 

implies a higher airborne deposition of nitrogen, minerals and ions (Balsberg Påhlsson 

and Bergkvist 1995; Weathers et al. 1995) since nitrogen availability appears to 

control thallus chlorophyll a concentration (Palmqvist et al. 2008). Lichen growth is 

generally determined by a combination of internal and external factors, with the most 

important being light availability during the lichen’s wet and active periods (Gauslaa 

et al. 2006; Palmqvist et al. 2008). Growth near edges was apparently stimulated by 

both an increased photosynthetic capacity and a higher light availability near the edge.  

In addition, in the light environment prevalent near the edges, the contrast in 

tree height affected the growth response. The highest mean annual growth (31%) was 

recorded in edges where trees on the adjacent habitat were of similar height as the 
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lichen transplants. Growth was lower (18 - 20%) at edges with both higher and lower 

contrast. Contrast also affected the chlorophyll a concentrations with higher levels at 

high and intermediate contrast edges than at low contrast edges for long thalli. High 

contrast edges presumably received more irradiance but most probably also 

experienced shorter periods of hydration due to drier conditions at exposed edges than 

at intermediate and low contrast edges. I believe that the delicate combination of high 

levels of light in combination with humidity at intermediate contrast edges resulted in 

longer periods of photosynthetic activity than at either the high or low contrast edges. 

My results are in line with several studies showing that U. longissima is favoured by 

open, patchy forest canopies and vicinity to small gaps or mires (Esseen et al. 1981; 

Keon and Muir 2002; Josefsson et al. 2005; Gauslaa et al. 2007).  

 

Conclusions 
This thesis shows that boreal forest ecosystems are highly affected by sharp forest 

edges but that the picture is complex. Quantifying the amount of edge in a landscape 

is a good starting point when trying to estimate the edge influence at landscape-level. 

However, a forest edge is not a static and easily defined object. This implies that 

microclimate and biota are not likely to respond to all forest edges in the same (or 

even similar) way. I have contributed with knowledge on the wide variation of forest 

edges; in their relationships with landscape composition and in their attributes. 

Furthermore, I have assessed two factors that affect the rare and declining lichen 

species Usnea longissima. The most important findings in my thesis are: 

• I have developed an accurate, efficient and flexible method for quantification 

and characterization of sharp forest edges. It provides reliable edge density 

estimates that are less affected by image resolution and extent than estimates 

provided by many other methods. The method has large potential as a general 

tool for collecting detailed information on edges in forested ecosystems. 

• I found a high density of sharp forest edges in the boreal forests of northern 

Sweden. Edge influence may thus affect large portions of the forested parts of 

the landscape, especially in areas with a long history of intense forestry.  
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• The vast number of edge types emphasizes that edge influence on 

microclimate and biodiversity is highly site-specific. Created edges dominated 

in most landscapes but there were also high densities of sharp natural edges in 

some landscapes. This indicates that also a small increase in the amount of 

created edges can reduce the proportion of interior forests habitat down to 

level of severe concern for species associated with forest interiors in naturally 

heterogeneous areas.  

• The large variability in edge densities among landscapes implies large 

differences regarding the level of edge influence over gradients in 

management intensity, forest productivity and natural landscape heterogeneity. 

Furthermore, the large-scale trends in the amount of natural, maintained and 

regenerating edges over these gradients suggests that different measures of 

reducing edge influence are needed in different landscapes. Measures to 

efficiently reduce negative edge influence are key issues in conservation and 

management strategies. 

• Edges showed an extensive range of variability regarding edge exposure. 

Regenerating edges were the most exposed. Sites where old-forest associated 

species may occur were more exposed than edges in general, implying that 

measures to reduce negative edge influence should be targeted towards these 

sites. I conclude that the detailed information on edge, canopy and 

neighbourhood attributes can improve our possibility to better predict edge 

influence on biodiversity in fragmented ecosystems. 

• Tree height contrast matters for Usnea longissima. Some shelter but little 

shade allows high growth close to forest edges. Conditions for pendulous 

canopy lichens in fragmented landscapes can be improved by creating buffer 

zones around valuable habitats. At wind sheltered sites the buffer may consist 

of rather low or scattered vegetation. In contrast, at wind exposed sites with 

high risk of fragmentation of pendulous lichens, I suggest a wide buffer. 

Previous studies have shown reduced abundance of these lichens in exposed 

edges (Esseen and Renhorn 1998). 
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Future perspectives 
This thesis has contributed with detailed data on sharp forest edges. However, we 

need more research on the full range of ecotones that exists in both natural and man-

modified landscapes. Some key areas include: 

• Knowledge on edge form and detailed horizontal and vertical structure, such 

as edge profile and species composition is an important area for future 

research.  

• We need additional data on neighborhood variables such as vegetation 

structure and topographical position to better estimate potential microclimatic 

edge influence. 

• Surprisingly few studies have assessed edge-interior gradients in microclimate 

in boreal forests and this information is clearly needed.  

• There is a need for empirical studies on species-specific edge responses to 

representative samples of edges in the landscape. According to my knowledge, 

most studies addressing edge influence have mainly assessed the most exposed 

edges in the landscape. Thus, it is probable that our knowledge on edge 

influence is biased and has resulted in overestimations of the area of edge 

influence (AEI). Conservation in general would benefit from more 

representative and reliable data. 

• Of special need are detailed studies on abiotic and biotic edge influence in 

relation to compass orientation, contrast in vegetation structure and size and 

characteristics of the neighbourhood. 

• A promising approach to study forest edges and edge influence is to combine 

various kinds of data. For example, data from field transects can be combined 

with image analysis (aerial photographs or high resolution satellite images) 

and laser scanning (LiDAR). Laser scanning is a very promising technique to 

study changes in stand structure in forest ecotones (Omasa et al. 2007). 
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