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Abstract

Although changes in urban forest vegetation have been documented in previous Finnish 
studies, the reasons for these changes have not been studied explicitly. Especially, the 
consequences of forest fragmentation, i.e. the fact that forest edges receive more solar 
radiation, wind and air-borne nutrients than interiors have been ignored. In order to limit the 
change in urban forest vegetation we need to know why it occurs. Therefore, the effects of 
edges and recreational use of urban forests on vegetation were investigated together in this 
thesis to reveal the relative strengths of these effects and to provide recommendations for 
forest management.

Data were collected in the greater Helsinki area (in the cities of Helsinki, Vantaa and 
Espoo, and in the municipalities of Sipoo and Tuusula) and in the Lahti region (in the city of 
Lahti and in the municipality of Hollola) by means of systematic and randomized vegetation 
and soil sampling and tree measurements. Sample plots were placed from the forest edges to 
the interiors to investigate the effects of forest edges, and on paths of different levels of wear 
and off these paths to investigate the effects of trampling.

The natural vegetation of mesic and sub-xeric forest site types studied was sensitive both 
to the effects of the edge and to trampling. The abundances of dwarf shrubs and bryophytes 
decreased, while light- and nitrogen-demanding herbs and grasses - and especially Sorbus 
aucuparia - were favoured at the edges and next to the paths. Results indicated that typical 
forest site types at the edges are changing toward more nitrophilic vegetation communities. 
Covers of the most abundant forest species decreased considerably – even tens of percentages 
– from interiors to the edges indicating strong edge effects. These effects penetrated at least 
up to 50 m from the forest edges into the interiors, especially at south to west facing open 
edges. The effects of trampling were pronounced on paths and even low levels of trampling 
decreased the abundances of certain species considerably. The effects of trampling extended 
up to 8 m from path edges.

Results showed that the fragmentation of urban forest remnants into small and narrow 
patches should be avoided in order to maintain natural forest understorey vegetation in the 
urban setting. Thus, urban forest fragments left within urban development should be at least 
3 ha in size, and as circular as possible. Where the preservation of representative original 
forest interior vegetation is a management aim, closed edges with conifers can act as an 
effective barrier against solar radiation, wind and urban load, thereby restricting the effects 
of the edge. Tree volume at the edge should be at least 225-250 m3 ha-1 and the proportion 
of conifers (especially spruce) 80% or more of the tree species composition. Closed, spruce-
dominated edges may also prevent the excessive growth of S. aucuparia saplings at urban 
forest edges. In addition, closed edges may guide people’s movements to the maintained 
paths, thus preventing the spontaneous creation of dense path networks. In urban areas the 
effects of edges and trampling on biodiversity may be considerable, and are important to 
consider when the aim of management is to prevent the development of homogeneous herb-
grass dominated vegetation communities, as was observed at the investigated edges.

Keywords: Edge effect ∙ Edge structure ∙ Fragmentation ∙ Understorey vegetation ∙ Species 
composition ∙ Urban woodlands ∙ Sorbus aucuparia.
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1 Introduction

1.1 Urban forests

Urban environments are a dominant feature of human civilization around the world. Although 
the human population is low in Finland, cities and municipalities are densely populated 
(Gundersen et al. 2005) and as a consequence the amount of natural areas, such as forests, 
has decreased considerably in urbanized areas (Huovila 1984, Maasilta 1988). These forest 
remnants with natural original understorey vegetation are called urban forests, and are the 
focus of this thesis. Although natural vegetation still exists in urban forests, it has partly been 
changed by human disturbances (see e.g. Malmivaara et al. 2002).

Municipalities own less than 2% of the total forest cover in Finland (Löfström et al. 2006), 
yet more than 80% of the Finnish population live in cities or in areas where the population 
density is high (> 200 residents per km2) (Gundersen et al. 2005). Urban forests are thus the 
most immediate contact most people have to nature and provide several benefits, including 
recreational, air purification, aesthetic and psychological ones (Korpela 2001, Pouta & 
Sievänen 2001, Weathers et al. 2001, Tyrväinen et al. 2003).

The management of urban forests in Finland is different from that of commercial forests 
(Löfström et al. 2006). Urban forests are usually open, include several tree species with a 
multilayered canopy and have some dead and decayed wood (Malmivaara et al. 2002, Maene 
2005, Malmivaara-Lämsä et al. 2008b). As such, urban forests appear to have biodiversity 
value. Furthermore, in Finland urban residents prefer forests near their homes for recreation 
and favour the following forest characteristics; open, easy to walk through and visually 
pleasant (Karjalainen 2002, Tyrväinen et al. 2003). For some residents biodiversity values 
are important, which may be in conflict with the above-mentioned needs (Koljonen 2003, 
Tyrväinen et al. 2003).

Urban forests are often small in size (Huovila 1984, Maasilta 1988, Malmivaara et al. 2002), 
and in many cases they occur as narrow strips between buildings and streets. Microclimatic 
conditions around forest patches in cities may be harsh. Constructed and paved areas, such 
as asphalt, bind solar radiation efficiently, increasing the heating effect of the sun. Air heated 
in the surroundings penetrates into the forest interiors drying the air and soil there, especially 
near forest edges (cf. Malmivaara-Lämsä et al. 2008a). In open urban forests these effects 
may be pronounced (cf. Matlack 1993). In addition, forest edge subcanopy and understorey 
vegetation may receive more solar radiation than the vegetation in forest interiors (Chen et al. 
1993, 1995, Matlack 1993). Thus, conditions change gradually at the edge zone from warm 
and dry at the edge to cool and moist in the forest interior. This gradual change in microclimate 
may cause changes in the original forest ecosystem. The effects may be severe for sedentary 
species, such as plants, which cannot escape the changed conditions (Haila 1999). Especially 
for those plant species that prefer shady and stable conditions in forest interiors, changed 
microclimatic conditions at edges may be detrimental (Godefroid & Koedam 2003). Thus, 
changes in forest microclimate near the edge will be reflected in changes in vegetation covers 
near the edge, when compared to vegetation in the forest interior. Changes in vegetation 
communities near the edge may also have an effect on other trophic levels within these urban 
forests (Murcia 1995). These abiotic and biotic changes at edges are collectively called the 
edge effect (Murcia 1995, Bannerman 1998).

The effects of recreation (here the effects of trampling) can be considerable in urban 
forests producing paths or larger worn out areas (Lehvävirta 1999, Florgård & Forsberg 
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2006). When vegetation cover decreases due to trampling and the humus layer is exposed, 
microclimatic conditions change at the ground level (Liddle 1997). Daytime temperatures 
may be higher on paths than in areas covered by vegetation, because the dark humus can bind 
solar radiation efficiently. Paths - with their changed microclimate - may have an effect on 
vegetation directly next to and further away from path edges (Benninger-Truax et al. 1992, 
Godefroid & Koedam 2004). Thus, there may be a smaller scale edge effect of paths in the 
seemingly untrampled vegetation off the paths. In addition, due to recreational use of urban 
forests, plant species from the surrounding habitats may be carried into the forest interiors 
via the path network.

1.2 Need for the study

Globally, urbanization diminishes the number of forested habitats and native species replacing 
them with non-native species (McKinney 2002). A consequence of this is that variability 
between different vegetation communities decreases and vegetation communities become 
homogenous in composition. For example, in city centres the number of original vegetation 
species may decrease more than 50% causing considerable reduction also in animal richness 
(see e.g. Blair 2001, McKinney 2002).

In Finland, original vegetation is still present in cities, but in small urban forest patches 
dwarf shrub and bryophyte dominated understorey communities are changing towards grass 
and herb dominated communities (e.g. Maasilta 1988, Malmivaara et al. 2002). Although 
changes in the urban forest microclimate have been acknowledged, trampling has mainly 
been charged as an explanatory factor for vegetation changes. However, investigations 
concerning the effects of trampling have revealed that e.g. the increase in grasses cannot 
purely be explained by the effects of trampling (Hamberg 2001, Malmivaara et al. 2002). 
These findings indicate that there are also other factors affecting forest understorey vegetation. 
In Finnish urban environments where forest patches are small in size the effects of the edge 
may play a considerable role (cf. Fraver 1994, Matlack 1994, Murcia 1995, Bannerman 1998, 
Harper & Macdonald 2001). Despite this the effects of the edge on urban forest understorey 
vegetation have not been studied in Finland. More research is also needed concerning other 
conifer dominated boreal forests (see Harper et al. 2005, Hylander 2005). Our knowledge on 
the effects of the edge on understorey vegetation in boreal urban forests is therefore limited 
in terms of the extent of the edge effect into these forests, the effects of edge aspect (cf. Chen 
et al. 1995; Gehlhausen et al. 2000) and in terms of forest edge structure, i.e. the number 
of trees or tree species composition at the edge (cf. Williams-Linera 1990, Matlack 1993). 
It is known that thick edges may alleviate the effects better than open edges (cf. Didham & 
Lawton 1999), but clear quantitative measurements of the adequate number of trees and of 
the appropriate tree species composition at edges are missing.

Although the effects of trampling have been well documented (Cole 1987, 1995a, b, 
Liddle 1997, Hammitt & Cole 1998, Florgård 2000, Malmivaara et al. 2002, Tolvanen et al. 
2004), the effects of trampling were still included in this thesis to reveal the relative strength 
and extent of the effects of the edge and of trampling. The effects of recreational use of urban 
forests on understorey vegetation were investigated at a smaller spatial scale than in previous 
Finnish studies (cf. e.g. Lehvävirta 1999, Malmivaara et al. 2002). Studies concerning the 
spatial extent of small-scale edge effects of paths on the seemingly untrampled vegetation 
off the paths are lacking in Finland (cf. Benninger-Truax et al. 1992, Godefroid & Koedam 
2004, Roovers et al. 2004). In addition, a three year trampling experiment was performed 
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to investigate the rate at which understorey vegetation responds to different levels of human 
trampling (cf. Cole 1987, Tolvanen et al. 2004), and to determine whether trampling aids in 
the dispersal of open habitat species into forest interiors. In Finland plant species movement 
from outside forest edges into interiors and changes in vegetation communities have been 
investigated less than pure trampling effects on vegetation species covers (but see e.g. the 
study of Benninger-Truax et al. 1992 concerning pedestrian and equestrian trampling in the 
USA in which distances from trailheads, junctions and campgrounds were taken into account 
and Törn et al. 2009). In addition, previous trampling studies in camping sites have reported 
the development of secondary vegetation due to trampling (see e.g. Nylund et al. 1979), but 
it is unclear whether trampling and edge effects have been confused as heavily used areas 
where secondary vegetation exists usually include facilities and thus openings in the canopy 
(cf. Hammitt & Cole 1998).

Both the effects of the edge and of trampling on forest understorey vegetation have been 
investigated globally, but studies where both effects have explicitly been taken into account 
at the same time and in the same models are scarce (but see the recent studies of Guirado et 
al. 2007 and Malmivaara-Lämsä et al. 2008b in which distances from the forest edges and 
wear of vegetation within the sample plots were taken into account). Yet, it is evident that 
both can have considerable effects on forest understorey vegetation in urban environments 
(Malmivaara et al. 2002, McKinney 2002, Guirado et al. 2006). If edge and trampling 
effects are not studied together it is impossible to separate these effects from each other. 
Thus, information concerning both the effects of edges and trampling on different vegetation 
communities is needed for the maintenance of native biodiversity in urban forests (cf. Murcia 
1995, Bannerman 1998, Godefroid 2001, Godefroid & Koedam 2003).

In resent years a striking visible change in urban forest vegetation in Finland has been an 
increase in the number of Sorbus aucuparia saplings (see Lehvävirta & Rita 2002). Foresters 
have indicated that S. aucuparia has increased considerably in urban forests and that it can 
prevent other tree saplings from growing and restrict free recreational use. However, the 
reasons for this increase are unknown, and need to be investigated. Trampling seems to favour 
S. aucuparia (Malmivaara et al. 2002) but other factors, such as edge effects and soil fertility 
may also be of importance (see Liddle 1997, Weathers et al. 2001), and were investigated in 
this thesis.
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2 Study questions and aims of the thesis

The relative strengths of edge effects and of trampling were studied in three different papers 
(articles I-III). The magnitude and extent of edge and trampling effects on the understorey 
vegetation were first determined in mesic urban forests (article I), and expanded upon in 
sub-xeric urban forests where the effects of different edge aspects (north, east, south, west) 
were also investigated (article II). The spatial extent of the edge effect in terms of changes 
in understorey vegetation was investigated in order to give estimates of the width of a buffer 
zone needed to preserve forest interior vegetation, and to estimate the minimum size of 
urban forests for the preservation of forest interior species (articles I-II). The effects of edge 
openness on the spatial extent of edge effects were studied to determine whether forest edge 
structure (in terms of the number of trees, saplings and shrubs, and tree species composition) 
can alleviate the effects of the edge (article IV). The purpose of this study was to determine 
appropriate edge openness and tree species composition, which could best diminish the 
effects of the edge.

The spatial extent of small scale edge effects of paths on the seemingly untrampled 
vegetation was studied in three articles (articles I-III). This knowledge can be used to 
determine when a path network is too dense to preserve understorey vegetation between the 
paths. One aim of this thesis was to determine how understorey vegetation at untrampled 
edges changes when trampling from outside the forest edge into the forest interior (article 
III). The purpose of this study was to investigate how quickly the most abundant and frequent 
species will decrease in cover with trampling of known intensity (i.e. to give threshold values 
for management and city planning), whether the effects of trampling on paths are reflected 
in untrampled vegetation off the paths after three years of trampling, and whether non-forest 
species from outside the forest can disperse into forests due to trampling.

The effects of soil fertility (which are related to edge effects and trampling, see Liddle 
1997, Weathers et al. 2001) on Sorbus aucuparia sapling abundances were investigated to 
determine reasons for the increase in this species (article V), which may aid in the management 
of S. aucuparia in urban forests.

Both edge effects and the effects of trampling are predicted to be important in changing 
urban forest vegetation. The following main hypotheses were investigated:

1.  If edge effects are important in affecting forest vegetation, true forest species (as defined 
by the autecology of a given species) should decrease from the forest interior towards the 
edge. An opposite trend is expected for open habitat species.

2.  If wear is an important factor, trampling is expected to reduce the covers of true forest 
species on and off the paths in the seemingly untrampled vegetation as a result of path 
edge effects. At the same time the covers or probabilities of occurrences of wear resistant 
species may increase with increasing overall wear of a forest patch in areas right next to 
the path or in the seemingly untrampled areas. Furthermore, a similar pattern is expected 
for the number (or proportion) of species accidentally dispersed by humans and/or their 
pets.

3.  Edge aspect and structure are expected to have an effect on the extent to which edge effects 
penetrate into urban forests. The edge effect is expected to be detected further into for-
est patches at south- and west-facing edges as compared to north- and east-facing edges 
in these northern hemisphere forests. Edge structure in terms of side-canopy openness 
(based on tree, sapling and shrub characteristics and the composition of tree species) is 
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expected to affect edge effect penetration, with the expectation that edge effects will be 
detected further into patches with open edges as compared to forest patches with closed 
edges.

4.  An increase in soil fertility, which is related to edge effects and trampling, is predicted to 
increase the abundance of S. aucuparia in urban environments. Urban forests are expect-
ed to be characterised by higher abundances of S. aucuparia as compared to rural forests, 
because urban forests are expected to be more fertile than rural ones. Furthermore, more 
S. aucuparia individuals are expected to occur in fertile urban forest site types as com-
pared to poorer site types. Finally, the abundance of S. aucuparia is expected to increase 
with increasing soil fertility within a specific forest site type.

One of the main purposes of this thesis is to provide practical advice for urban planning and 
forest management to maintain natural forest vegetation in cities and other populated areas 
(articles I-V).

3 Materials and methods

3.1 Forest sites

Data were collected mainly in the greater Helsinki area, in the cities of Helsinki, Vantaa and 
Espoo, and in the municipalities of Tuusula and Sipoo in the hemiboreal and southern boreal 
vegetation zones (articles I-III and V) (Ahti et al. 1968). Data for article IV were collected 
in the city of Lahti and in the municipality of Hollola in the southern boreal vegetation 
zone. Data for all papers were collected in urban forests except for article III (trampling 
experiment). Here data were collected in suburban untrampled forests as no untrampled sites 
could be found in urban forests. Separate datasets were collected for each article (Table 1).

All forest patches (articles I-V) bordered constructed areas, e.g. buildings, asphalt or 
roads. Forests next to motorways with high traffic load were not studied. Data were collected 
from forest edges towards the interior (Table 1). The forest edge was defined as a line between 
the outermost mature trees of the forest. Mature trees in each forest site studied were more 
than 80 years old, forest edges were more than 10 years old and no forest management was 
performed within the last 5-10 years. The main tree species in these forests was spruce (Picea 
abies) (articles I, III, IV and partly V), but pine (Pinus sylvestris) dominated sites were also 
investigated (article II and partly V). Patches on slopes were not selected (articles I-IV), and 
canopy gaps were avoided.

Only natural forest understorey vegetation was investigated in this thesis (see Table 1). 
Natural forest undertorey vegetation was defined as vegetation that has not been planted and 
which originally existed within a large forested area, but nowadays forms the vegetation cover 
of remnant forest patches within cities. Thus, parks with planted and managed vegetation 
were not studied here.
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3.2 Sampling

3.2.1 Articles I and II

Relative strength of the effects of the edge and human trampling on understorey vegetation 
were investigated in two different studies (articles I-II). Understorey vegetation sample plots 
were inventoried 0-108.5 m from urban forest edges towards forest interiors (distance as a 
continuous variable) (see Fig. 1 in article I). Along this distance, sample plots were placed 
on (in the middle of a path), next to (0.45 m) and away from paths (at least 1.2 m from a path 
edge) that were either lightly, moderately, heavily or totally worn out (see Table 2). Vegetation 
including dwarf shrubs, tree and shrub saplings, herbs, sedges, ferns, grasses, bryophytes and 
lichens < 0.3 m in height was inventoried from understorey vegetation sample plots 0.5 × 1 
m2 in size using the following scales; 0, 0.1, 1, 2, 3, 4, 5, 10, 15,…, 95, 100% (article I), and 0, 
0.01, 0.1, 0.2, 0.5, 1, 2, 3, …, 99, 100% (article II). Canopy cover above the undertorey plots 
was estimated and tree diameters at breast height (dbh) were measured for trees ≥ 5 cm in 
dbh from circular tree sample plots 50 m2 in size around each vegetation sample plot to take 
effects of the tree layer into account. For each plot, distances from the forest and path edges 
were measured and edge aspect and the wear class of a path were determined to investigate 
the effects of forest and path edges and wear intensity on the vegetation.

3.2.2 Article III

A trampling experiment was carried out in seven suburban forest patches to determine which 
species are most sensitive to trampling, and whether non-forest plant species can colonise 
the bare ground exposed by trampling in the forest interior. The trampling experiment was 
performed in years 2004-2007. Paths of light, intermediate and heavy wear were created 
from outside the forest edge into the forest interiors, at least 10 m apart, because studies 
from other countries have revealed that paths may affect untrampled vegetation off the paths 
(Benninger-Truax et al. 1992, Godefroid & Koedam 2004, Roovers et al. 2004). Vegetation 
sample plots 0.5 × 1 m2 in size were placed 1, 10, 20, 30, 40, 50, and 60 m from forest 

Table 1. Description of the datasets.

Article Date 
collected 
(year)

Number 
of forest 
patches

Number 
of sample 
plots

Location Vegetation 
type

Edge 
aspect

Maximum 
distances 
sampled (m)a

I 2003 33 318 Helsinki Mesic 
(Myrtillus) type

South to 
west

108.5

II 2005 19 256 Helsinki, 
Vantaa, 
Espoo, 
Tuusula

Sub-xeric 
(Vaccinium) 
type

North, east, 
south and 
west

107

III 2004-2007 7 421 Vantaa, 
Tuusula, 
Sipoo

Mesic type South to west 
(6 sites), 
northwest (1 site)

60

IV 2004 18 119 Lahti, 
Hollola

Mesic type South to west 60

V 1999-2001 49 148 Helsinki, 
Vantaa, 
Espoo, 
Tuusula

Herb-rich 
(Oxalis-Myrtillus), 
mesic and 
sub-xeric types

All aspects 271

a Distances from forest edges to the centre points of the sample plots.
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edges, on (-0.25 m), next to (0.45 m) and away from paths (2 m from the path edge) (cf. Fig. 
1 in article I). Sample plots on and next to paths, at distances of 1 and 4 m from the forest 
edge were placed outside the forests. Tree measurements and the scale for cover estimates 
were similar to those employed in article II. The first vegetation inventory was performed 
in August 2004. Trampling was started after the first vegetation inventory in September 
2004. Paths were created (i.e. trampled) from 5 m outside the forest edge line up to 32-62 
m (depending on the size of the site) into the forest interiors to allow for the possibility of 
plant species present outside the forest edge to be carried into the forest interiors. Shoes were 
washed before each visit to a path. Each site was visited three times in 2004 (after the first 
vegetation inventory), seven times in years 2005 and 2006, and four times in 2007 (before 
the last vegetation inventory). Light paths were trampled 5 times per visit, intermediate paths 
15 times per visit and heavy paths 40 times per visit. Understorey vegetation was inventoried 
yearly in August (2005-2007).

The trampling method of Cole and Bayfield (1993) was not used as the purpose of the study 
was to mimic natural walking from outside the forest edges into the interiors. The relative 
numbers of trampling events and timing of trampling were based on earlier observations from 
lightly, moderately and heavily trampled paths in urban forests and studies done in Finland 
(Vehma et al., unpublished data, Pouta & Sievänen 2001). In addition, Cole and Bayfield 
(1993) created paths near to each other (0.4 m apart), which does not allow the evaluation of 
the effects of the paths on untrampled vegetation off the paths.

3.2.3 Article IV

The effects of forest edge openness and tree species composition on understorey vegetation 
at urban forest edges were investigated to determine whether forest edge structure alleviates 
the effects of the edge. Forest edges were classified visually in the field into three groups: 
open, intermediate and closed edges according to side canopy openness (tree branches and 
saplings formed a curtain at the edges). Tree, sapling and shrub layers were measured from 
squares 285 m2 in size at the edge, whereas vegetation at other distances from the forest 
edges (10, 20, 30, 40, 50 and 60 m) were sampled from squares 90 m2 in size (see Fig. 1 in 
article IV). Dbh of trees and saplings > 1.3 m in height were measured, while covers were 
estimated for smaller tree saplings and shrubs. Within each tree sample plot four understorey 
vegetation sample plots 1 m2 in size were inventoried using the same scale for cover estimates 
as in article II. Vegetation sample plots were placed in the middle of the tree sample plots, 2 

Path class Description

lightly worn path –  the effects of wear visible
–  vegetation damaged, but only slightly reduced in cover

moderately worn 
path

–  the effects of wear visible
–  vegetation damaged and reduced in cover, but not completely worn out

heavily worn path –  generally no vegetation on the path
–  humus layer not worn out
–  rocks and tree roots sometimes uncovered

totally worn path –  bare mineral soil exposed or humus layer deeply worn out
–  no vegetation remaining
–  rocks and tree roots often uncovered

Table 2. Wear classification for the paths (Lehvävirta 1999).
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m apart and parallel to the edge. In addition, canopy cover and the relative amount of solar 
radiation were calculated (amount of light above a vegetation sample plot / amount of light 
outside the forest edge) for tree sample plots using mean values of the four understorey 
vegetation plots within these larger plots.

3.2.4 Article V

The purpose of the Sorbus aucuparia study was to investigate the effects of soil fertility 
on S. aucuparia sapling abundances in urban forests, and to compare soil fertility and the 
abundances of S. aucuparia saplings between urban and rural forests. Circular sample plots 
100 m2 in size were inventoried in herb-rich Oxalis-Myrtillus (most fertile), mesic Myrtillus 
and sub-xeric Vaccinium (poorest in nutrients) forest site types. The number of sample plots 
was 38, 74 and 36, respectively. In each sample plot the cover of S. aucuparia saplings ≥ 0.5 
m in height but < 5 cm in dbh was estimated. Four smaller sample plots 1 m2 in size were 
placed 4 m from the centre point of the larger sample plot towards north, east, south and 
west. The covers of smaller S. aucuparia saplings < 0.5 m in height was estimated in these 
subplots and mean values calculated from these four subplots were used in the analyses. The 
scale used for big S. aucuparia saplings was 0, 0.25, 0.5, 1, 1.5, 2, 2.5,…, 99, 99.5, 100% 
and for small saplings 0, 0.25, 0.5, 1, 2, 3, 5, 10, 15, 20,…, 90, 95, 100%. Covers of saplings 
other than S. aucuparia were estimated from the small and large sample plots, while tree 
(dbh ≥ 5 cm) volumes were determined from the large sample plots. Distance from the forest 
edge to the centre point of each large sample plot and path area within the sample plots were 
measured to investigate the effects of edges and trampling. Soil fertility was measured in 
72 mesic plots, 100 m2 in size. From each of these plots 16 humus samples were collected 
and pooled for soil analyses. Ca, K, Mg, Na, P, H+, cation exchange capacity (CEC), base 
saturation (BS) and C, N and the C/N ratio were analysed from the samples (see details in 
article V). S. aucuparia abundances and soil fertility of urban forests were compared to data 
from rural reference sites of the same site type, vegetation zone and tree age (Finnish Forest 
Research Institute 1995, unpublished data).

3.3 Plant species classification

Before data were analysed, the plant species collected were classified into different groups in 
terms of their expected response to edge effects and trampling, and the hypotheses were tested 
using these groupings (see articles I-V). For example, the sampled species could be divided 
into three classes with regard to edge effects: edge sensitive, indifferent and edge tolerant, 
and into three classes with regard to trampling tolerance: very low trampling tolerance, low 
trampling tolerance and moderate to high trampling tolerance.

3.4 Statistical analyses

The datasets were analysed using generalized linear mixed models (GLMM) (articles I-IV) 
and generalized additive mixed models (GAMM) (articles IV-V) using quasi-binomial error 
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distributions for vegetation covers (a response variable) and binomial error distributions 
for presence-absence data with the logit link function specification (Venables & Ripley 
2002, R Development Core Team 2003, 2005, 2008, Wood 2005, Bates & Maechler 2006). 
Discriminant analysis was used to reclassify forest edges according to edge openness into 
three groups (article IV) (SPSS Inc. 2004). Mann-Whitney U and t-tests were used in the 
Sorbus aucuparia study to compare the abundances of S. aucuparia saplings and soil fertility 
between urban and rural sites (article V). Global non-metric multidimensional scaling 
(GNMDS) was used to reveal the effects of urban conditions on vegetation composition 
(articles I-V) (Oksanen 2004, Oksanen et al. 2005, 2008).

4 Results

Both edge effects and human trampling clearly affected vegetation in urban forests (articles 
I-V). The effects of edges penetrated tens of metres into forest interiors, whereas the effects 
of paths penetrated up to 8 m into the seemingly untrampled vegetation (articles I-II). In 
mesic (Myrtillus type) forests both effects were important in shaping the forest undertorey 
vegetation composition (article I), but in sub-xeric (Vaccinium type) forests the effects of 
trampling were more pronounced (article II). The most abundant and typical forest species 
of mesic and sub-xeric forest sites, such as dwarf shrubs – especially Vaccinium myrtillus 
– and bryophytes, were most sensitive to the effects of edges and trampling (article I-II), 
whereas e.g. Sorbus aucuparia seemed to benefit from these effects and from an increase in 
soil fertility (article V). The edge effect can be alleviated by letting forest edges grow thick, 
preferably with conifers (article IV).

4.1 Effects of the edge on forest understorey vegetation

The covers of true forest species were low at edges increasing with increasing distance from 
forest edges towards the interiors, whereas species benefiting from lighter conditions were 
higher in cover at edges decreasing with increasing distance from the forest edges (articles 
I-II and V). The spatial extent of the edge effect was at least 50 m into forest interiors, 
especially at south to west facing forest edges. Results also indicated that the edge effect may 
penetrate tens of meters (~50 m) into forest interiors at eastern edges, while at northern edges 
the effect may be minimal or absent (article II).

The dwarf shrub Vaccinium myrtillus and bryophytes, e.g. Pleurozium schreberi, 
Hylocomium splendens and Dicranum polysetum, which are abundant in forest vegetation, 
were clearly negatively affected by edge effects (see articles I-IV). Their abundances were 
low near the edge line. However, another abundant forest dwarf shrub, V. vitis-idaea seems not 
to be as sensitive to the edge as V. myrtillus (articles I-III). At the same time, grasses, herbs, 
sedges and ferns, usually low in cover in forest vegetation, were abundant near forest edges 
(see articles I-IV). Grasses were abundant especially at open edges whereas herbs, sedges 
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and ferns were high in cover also at closed edges (articles III-IV). Vegetation communities 
at mesic edges seemed to include nitrophilic plant species typical of more nutrient rich sites 
(article I), but this effect was not observed at sub-xeric edges (article II). In addition, the 
number of broad-leaved trees was higher at edges than in forest interiors (articles I-IV).

Edge effects can be alleviated by letting forest edges grow thick (article IV). High numbers 
of trees (i.e., 225-250 m3 ha-1) at edges may prevent detrimental effects of the edge on boreal 
mesic forest understorey vegetation. In addition, conifers (especially spruce) minimise the 
effects of the edge more efficiently than broad-leaved trees. Therefore, the proportion of 
conifers should be 80% or more of the total tree volume at boreal mesic urban forest edges 
where the aim is to conserve forest interior understorey vegetation.

4.2 The effects of trampling on forest understorey vegetation

The effects of trampling in urban forests were clear, especially on the paths (articles I-III). 
Even very low levels of trampling may decrease the covers of forest vegetation considerably 
(article III). If untrampled vegetation is trampled 35 times on the path during one year, the 
covers of highly abundant forest species diminish between 10-30%, whereas 70-270 trampling 
events decrease covers by more than 50%. When vegetation is trampled more than 550 times 
within two years, vegetation cover is almost completely destroyed (< 10% cover).

Furthermore, seemingly untrampled vegetation next to paths was affected by trampling at 
least up to 4-8 m from path edges (articles I-II). For example, the cover of Vaccinium vitis-
idaea (article II) and the probability of occurrence of Pleurozium schreberi (article I) were 
lower next to the paths, but increased with increasing distance from the path edge, while 
the probability of occurrence of Deschampsia flexuosa and the cover of Sorbus aucuparia 
were highest right next to the paths (article I). These effects do not, however, occur within 
the first years of trampling of untrampled vegetation (article III). The level of wear on paths 
also seemed to affect the covers and frequencies of species off the paths (articles I-II). 
Some sensitive species, such as V. myrtillus and P. schreberi, were lower in occurrence off 
intensively as compared to lightly trampled paths, while more tolerant species, such as D. 
scoparium and some herbs, were higher in occurrence off the paths when trampling intensity 
on the paths was high.

Abundant dwarf shrubs and bryophytes were most sensitive to the effects of trampling, 
while mosses low in cover in untrampled vegetation, i.e. Pohlia nutans and Dicranum 
scoparium, were tolerant to trampling (articles I-II). Vaccinium myrtillus and D. polysetum 
decreased most quickly in cover after one year of trampling (article III). Trampling aided 
species that are not typical of the natural forest vegetation, such as Taraxacum spp., to invade 
forest patches. Although vegetation in the edge path plots did not wear differently than 
vegetation in the forest interiors, species from outside the forest edge occurred more in the 
path plots at the edges than in the interiors. Yet, the frequencies and covers of these species 
were low, and the successful establishment of non-forest species in forests was not observed 
during the first three years of trampling.
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4.3 Sorbus aucuparia, edge effects, trampling and soil fertility

Soil (humus) fertility was clearly higher in urban than in rural reference forests (article V). 
At the same time, the abundance of Sorbus aucuparia was higher in urban than in rural sites, 
and increased with increasing forest site type fertility, being lowest in sub-xeric and highest 
in herb-rich urban forests. An increase in S. aucuparia cover with increasing soil fertility was 
also observed in the mesic urban forest site type. Big S. aucuparia saplings increased with 
a decrease in the C/N ratio while small saplings increased with an increase in soil Ca (a low 
C/N ratio and high Ca values represent high soil fertility). S. aucuparia saplings were more 
abundant at forest edges than in forest interiors. Recreational use of urban forests (i.e., worn 
out areas) and the abundances of other trees and saplings did not restrict the number of S. 
aucuparia saplings in urban forests.

5 Discussion

5.1 Spatial extent of the effects of the edge and trampling

This thesis revealed that covers of the most abundant and typical forest plant species, such as 
dwarf shrubs and bryophytes, were low at urban forest edges. At the same time the covers of 
grasses and herbs and that of Sorbus aucuparia were higher at forest edges. These changes 
in vegetation cover can be seen at least 50 m into the forest interiors. In earlier vegetation 
studies (including tree studies) the spatial extent of the edge effect has been variable (e.g. 
Matlack 1994 (40 m), Fraver 1994 (20-60 m), Fontoura et al. 2006 (25-50 m) and reviews by 
Murcia 1995 (10-500 m) and Harper et al. 2005 (0-500 m)). However, the effects of the edge 
on forest vegetation usually disappear within the first 100 m.

The effects of trampling were not restricted to the paths, but were observed at least 4-8 
m off the paths as was also shown in earlier studies (Benninger-Truax et al. 1992 (5 m), 
Godefroid & Koedam 2004 (3-4 m), Roovers et al. 2004 (10 m)). Forest species that were 
sensitive to edge effects were also sensitive to trampling. These results indicate that in the long 
run natural forest species composition may be replaced by herb-grass dominated vegetation if 
trampling and edge effects are not controlled for.

5.2 Edge effects and trampling as shaping factors of the forest understorey vegetation

Results obtained from this thesis suggest that small fragment size (i.e., forest fragmentation), 
edge effects and recreational use of forests are likely explanations for the changes observed 
in urban forest understorey vegetation (see also Florgård 2000, Godefroid & Koedam 2003, 
Guirado et al. 2006, 2007).
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5.2.1 Edge effects

At forest edges solar radiation, wind and urban load may easily penetrate the forests (DeWalle 
& McGuire 1973, Hutchison & Matt 1976, 1977, Chen et al. 1993, 1995, Matlack 1993, 
Weathers et al. 2001, Harper et al. 2005), making forests warmer and drier. As a consequence 
soil temperature increases and moisture decreases.

Abiotic factors seem to change dwarf shrub and bryophyte dominated vegetation 
communities toward more nitrophilic herb and grass dominated communities at forest 
edges (cf. article I, Thimonier et al. 1992, Bobbink et al. 1998, Honnay et al. 2002). These 
conclusions (article I) where confirmed by a soil fertility and moisture study carried out in the 
same sample plots, which showed that edges were more fertile and drier than forest interiors 
(see Malmivaara-Lämsä 2008a). Air-borne nutrients and an increase in the number of broad-
leaved trees and leaf litter at these edges are likely explanations for an increase in soil fertility 
(see articles I-IV, Thimonier et al. 1992, Priha & Smolander 1999, Weathers et al. 2001). 
An increase in solar radiation, drought and fertility at edges (article IV and Malmivaara-
Lämsä 2008a) are detrimental to many forest species used to more stable, moist and shady 
conditions, but benefit light and nitrogen demanding species, such as herbs and grasses (cf. 
Bobbink et al. 1998, Salemaa et al. 2008).

Microclimatic edge effects, i.e. increased solar radiation, air and soil temperatures, wind 
speed and decreased humidity, are most pronounced at south to west facing edges (Chen 
et al. 1993, 1995) causing changes in the vegetation at these urban edges (see articles I-II, 
cf. Matlack 1993, Fraver 1994). Especially when forest edges are open, edge effects can 
easily penetrate into forest interiors (see article IV, Matlack 1993, Didham & Lawton 1999, 
Cadenasso & Pickett 2001, Weathers et al. 2001), whereas at more closed edges the effects 
are weaker (see articles III-IV). For example, in the edge plots the cover of grasses was four 
times higher at open than at closed edges (article IV).

5.2.2 Trampling effects

Forest patches that are surrounded by residential areas are quite frequently visited (Malmivaara 
et al. 2002, Florgård & Forsberg 2006, Malmivaara-Lämsä et al. 2008b). The higher the 
density of residents in the vicinity of a forest patch, the more severe the decrease in vegetation 
cover. Easy access to forest patches and consequent trampling diminish the abundance of 
understorey vegetation, especially on paths. This may have considerable effects in mesic 
and sub-xeric sites, which were sensitive to trampling (see articles I-III and Malmivaara-
Lämsä et al. 2008b). Almost all of the abundant forest species, especially dwarf shrubs and 
bryophytes, were prone to the effects of trampling. However, moss cover decreased slowly, 
initially, probably due to the buffering effect of the field layer (article III, see also Tolvanen et 
al. 2004, Törn et al. 2006), but the effects were more pronounced later on.

Children often play off the paths, and the effects of their trampling may be widespread 
(Florgård & Forsberg 2006). Thus, forested areas near buildings where children like to play 
may become totally worn out with large barren area. On the other hand, if trampling intensity 
is low off the paths, the covers of forest species may decrease even though the effects are not 
always visible (article III). Thus, it is possible that urban forest vegetation is more affected 
by trampling than thought earlier.

Seemingly untrampled vegetation off the paths may also be affected by trampling on the 
paths (see also Benninger-Truax et al. 1992). At path edges the covers of dwarf shrubs and 
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some bryophytes were low, increasing with increasing distance from the path edges (articles 
I-II). It remains unclear whether these effects are due to minor trampling events directly next 
to the paths or due to microclimatic and edaphic changes (increase in soil fertility) on paths 
and at path edges (see Liddle 1997, Malmivaara-Lämsä et al. 2008a). No changes in the 
vegetation off the paths were observed after three years of trampling (article III). However, 
minor trampling events off the paths and microclimatic and edaphic changes on and next to 
the paths may still be possible explanations for vegetation changes observed off the paths in 
the other studies performed here (articles I-II). Human and dog trampling next to paths may 
occur in urban forest, but were unlikely at the experimental sites as these forest patches were 
not often visited by people (article III). When the dark humus layer is exposed, solar radiation 
may increase soil temperature (Liddle 1997) and air above a path may be heated by this effect. 
The effects of warm soil and air may be reflected in the surrounding vegetation. In addition, 
soil fertility on paths and at path edges may increase due to exposed and mixed mineral soil 
having higher pH values than the humus layer (Pietikäinen et al. 1999, Malmivaara-Lämsä et 
al. 2008a), and/or due to dog excrements. Again, the same species that benefited from edge 
effects (for example grasses and Sorbus aucuparia), were also able to find favourable micro 
sites in trampled areas, being more abundant directly next to than further away from path 
edges (articles I and V). These responses to trampling probably relates to changes in soil 
properties (see soil fertility results of Malmivaara et al. 2008a from the same mesic sample 
plots as in article I). Trampling, an exposed humus layer and changes in microclimatic 
conditions on paths may also aid in the invasion of open habitat species into forest interiors 
(article III, Benninger-Truax et al. 1992). However, closed forest edges diminish wind and 
light penetration into the forests, and thus the success of open habitat species (see article III, 
Brothers & Spingarn 1992).

5.2.3 Sorbus aucuparia and edge and trampling effects

The observed increase in Sorbus aucuparia saplings in urban forests was related to edge and 
trampling effects – especially to increased soil fertility (article V). S. aucuparia saplings were 
more abundant at forest edges than in the interiors and appeared to benefit from increased 
solar radiation (see also Reinhart et al. 2006) and soil fertility at edges (Malmivaara-Lämsä 
et al. 2008a). Urban forest soils were more fertile than soils of rural forests, and S. aucuparia 
was more abundant in these highly fertile urban forests. Edge effects seem not to be the only 
explanation for the increase in S. aucuparia saplings. S. aucuparia can grow in trampled sites 
(articles I and V) and is tolerant to disturbances (Miller et al. 1982, Raspé et al. 2000, Millard 
et al. 2001, Zerbe 2001), and it is possible that the absence of grazing by large herbivores 
(e.g. moose) in urban forests (cf. Kullman 1986, Andrén & Angelstam 1993, Senn et al. 2002, 
Motta 2003) additionally explain the increased number of S. aucuparia individuals in urban 
areas.
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5.3 Plant species characteristics and sensitivity to edge effects and trampling

Physiology, life form, morphology and ecological demands determine a plant’s tolerance to 
edge and trampling effects (Sveinbjörnsson & Oechel 1992, Cole 1995b, Matlack & Litvaitis 
1999, Tolvanen et al. 2001). As such, plant species with different life history strategies 
will respond differently to conditions brought about by edge and trampling effects. These 
conditions include, for example, altered light, moisture, temperature and nutrient levels from 
the edge to the forest interior, and on and off paths. Additionally, direct physical damage by 
trampling can result in different responses in individual species.

5.3.1 Ability to withstand the effects of the edge

The ability of the most abundant dwarf shrub Vaccinium myrtillus to withstand effects of 
the edge seems to be lower than that of V. vitis-idaea (see articles I-IV). V. myrtillus is a 
deciduous dwarf shrub and has thin sensitive leaves. Thus, direct solar radiation and increased 
temperature at edges may be detrimental to V. myrtillus, whereas an evergreen dwarf shrub V. 
vitis-idaea, which has thicker leaves covered with wax can withstand these effects better (cf. 
Salemaa 2000a, b). Yet, these species’ sensitivity to high nutrient load may partly cause their 
low covers and frequencies at edges (see Bobbink et al. 1998, Salemaa et al. 2008), although 
changed light and moisture conditions at the edges may better explain differences between 
the species (Mäkipää 1999).

Many forest bryophytes are also sensitive to edge effects, i.e. increase in light levels, 
temperature, drought, soil fertility and number of broad-leaved trees (see articles I-IV, 
Sveinbjörnsson & Oechel 1992, Bobbink et al. 1998). These species, such as Pleurozium 
schreberi and Hylocomium splendens, are adapted to shady and moist conditions inside forest 
patches, and thus edge effects are harmful to them (Huggard & Vyse 2002, Stewart & Mallik 
2006). Most bryophytes do not have roots, but take up water and nutrients mostly through the 
leave tissues (Farmer et al. 1992, Sveinbjörnsson & Oechel 1992). The ability of bryophytes 
to regulate water loss is low, especially for thin leaf and walled species (Sveinbjörnsson & 
Oechel 1992). Thus, drought at urban forest edges (Malmivaara-Lämsä et al. 2008a) may 
cause rapid loss of water from bryophyte tissues. The decline in bryophyte cover at edges 
can partly be explained by urban load, since e.g. P. schreberi and H. splendens (acidophilous 
bryophytes) are sensitive to increased soil fertility and pH observed at urban forest edges 
(Farmer et al. 1992, Bobbink et al. 1998, Malmivaara-Lämsä & Fritze 2003, Malmivaara-
Lämsä et al. 2008a, Salemaa et al. 2008). On the other hand, successful moss species in urban 
forests, i.e. Brachythecium oedipodium and Pohlia nutans benefit from increased soil fertility 
(Bobbink et al. 1998). The ability of bryophytes to grow through a thick leaf litter layer is 
poor, which also diminishes their ability to survive at edges where broad-leaved trees are 
abundant (see article IV and Sveinbjörnsson & Oechel 1992).

Light demanding grasses and nitrophilic herbs benefited from edge effects (see articles 
I-IV). For example, grasses Calamagrostis arundinacea and Deschampsia flexuosa, and herbs 
Epilobium angustifolium and Rubus idaeus can thrive when nutrient and light levels increase 
(Bobbink et al. 1998, Mäkipää 2000, Vanha-Majamaa 2000, Salemaa et al. 2008). However, 
this thesis revealed that grasses benefit more from increased light levels (see responses at 
open edges) whereas for herbs light levels were not critical as they also thrived at closed 
edges where the number of broad-leaved trees and nutrient levels were high (see article IV). 
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For example, the narrow leaves of the grass species D. flexuosa are morphologically adapted 
to withstand drought (Mäkipää 2000). On the other hand, the growth of herbs is not restricted 
by leaf litter (cf. Sydes & Grime 1981). However, low soil fertility restricts the growth and 
occurrence of nitrophilic herbs in nutrient poor sites, such as sub-xeric forests (article II).

Sorbus aucuparia is a shade tolerant species (Zerbe 2001), but can tolerate high 
temperatures (Raspé et al. 2000), and benefits from both increased solar radiation (cf. article 
V, Reinhart et al. 2006) and nutrient load at urban forest edges (article V, Malmivaara-Lämsä 
et al. 2008a). In addition, it can withstand drought and grass competition (Raspé et al. 2000, 
Vogt 2001, Zerbe 2001), thus being a successful species at urban forest edges.

5.3.2 Ability to withstand the effects of trampling

Abundant forest species, such as dwarf shrubs and bryophytes, possess characteristics that 
explain their sensitivity to trampling. Trampling tolerance itself consists of two components, 
i.e. resistance and resilience (Cole 1995a, b). Resistance is a species’ ability to withstand 
trampling whereas resilience describes the ability to recover after trampling damage. Both 
resistance and resilience are important when a species’ tolerance is evaluated. For example, 
resistance depends on vegetation stature, erectness and whether the plant is a graminoid, herb 
or a shrub (Cole 1995b). Matted and rosette plants are more resistant to trampling than erect 
plants. Resilience of the species depends on the ability to allocate nutrients for regrowth (cf. 
Tolvanen & Laine 1997) and on bud location: those species having buds above ground level 
are less resilient than those having buds belowground (Cole 1995b).

Vaccinium myrtillus and V. vitis-idaea are quite tall plants and trampling can quite easily 
destroy the shoots (cf. Cole 1995b). The evergreen V. vitis-idaea seems to be more tolerant 
to trampling than the thin leaved V. myrtillus (cf. article I, Kellomäki & Saastamoinen 1975, 
Nylund et al. 1979, Malmivaara et al. 2002). Because V. vitis-idaea has thicker leaves it may 
initially withstand trampling better than V. myrtillus (see article III). On the other hand, one 
shoot of V. myrtillus covers a larger area than that of V. vitis-idaea. Thus, the cover of V. 
myrtillus diminishes more when an individual shoot breaks off. Both species have nutrient 
reserves in belowground stems, which can be used for regrowth after damage (see Tolvanen 
et al.1993, 2001). However, the ability of V. vitis-idaea to recover from damage is lower than 
that of V. myrtillus, because it - as an evergreen plant - has a lower photosynthetic rate and 
smaller nutrient reserves in the belowground parts (see e.g. Tolvanen 1994, Tolvanen & Laine 
1997). In addition, V. vitis-idaea allocates more carbohydrate reserves in its aboveground 
tissues, such as leaves, and has fewer dormant buds than V. myrtillus. Thus, in the long run 
trampling damage can be more detrimental to V. vitis-idaea than to V. myrtillus.

Caespitose, matted or rosette graminoids and herbs have been reported to be resistant to 
trampling (Cole 1987, 1995b). In addition, the ability of grass and herb species to recover 
from damage caused by trampling is usually better than, e.g. those of dwarf shrubs (see 
Liddle 1975, Cole 1995b). Especially species with buds at or below the soil surface are 
more likely to recover from trampling than those with buds aboveground (Cole 1995b). 
These factors explain the ability of herbs, such as Plantago major and Taraxacum spp., to 
withstand trampling (cf. article I). However, the most abundant boreal forest grass species, 
such as Deschampsia flexuosa and Calamagrostis arundinacea did not show strong evidence 
of tolerance to trampling (articles I-III). An increase in grass species cover or the probability 
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of occurrence next to paths may relate to an increase in soil fertility there (cf. articles I-II, 
Bobbink et al. 1998, Malmivaara-Lämsä et al. 2008a). Thus, according to this thesis it seems 
that the abundance of grass species in urban forests results from the effects of edges rather 
than from trampling.

Most of the bryophytes have only aboveground parts, which make these species especially 
sensitive to trampling effects. For example, recovery after damage caused by trampling may 
be especially slow (Törn et al. 2006). Bryophytes that are small in size and occur as a low mat 
on the soil surface survive best from the effects of trampling (see articles I-II). For example, 
the most tolerant bryophyte species, such as Pohlia nutans and Dicranum scoparium can 
form thick mats on the soil surface, and D. scoparium can disperse from broken off pieces of 
shoots (Koponen 1994). On the other hand, the most abundant forest bryophyte species, such 
as Pleurozium schreberi and D. polysetum, are bigger and taller, do not form dwarf shoots, 
and are thus sensitive to the effects of trampling (cf. articles I-III, Cole 1995b, Malmivaara 
et al. 2002).

Although Sorbus aucuparia saplings are tall, their stems are very flexible, which may 
partly increase this species’ resistance to trampling. It is a resilient species that can grow 
quickly after disturbance by increasing the growth of root and stump suckers (Rydberg 2000, 
Hester et al. 2004). S. aucuparia is a clonal species that has large nutrient reserves in above 
and belowground stems (Millard et al. 2001). In addition, it is favoured by an increase in soil 
fertility at path edges (articles I and V, Malmivaara-Lämsä et al. 2008a).

6 Conclusions

6.1 Implications for urban forest management

The following management recommendations are based on results from this thesis.
First, if the aim is to alleviate edge effects in urban forests, forest fragmentation should 

be avoided, as small patches consist of high proportions of edge areas (see Bannerman 1998, 
McKinney 2002, Godefroid & Koedam 2003). In small forest patches or those narrow in 
shape, forest vegetation composition may change considerably (articles I-II). To enhance the 
maintenance of sensitive forest plant species in cities in southern Finland, it is recommended 
that urban forests be kept as compact (‘circular’) in shape as possible (see Bannerman 1998), 
and be at least 3 ha in size to ensure that at least a quarter of the patch consist of interior 
vegetation (assuming that the edge effect penetrates 50 m into the patches).

Second, because forest understorey vegetation seemed to be particularly sensitive to even 
low levels of trampling, recreational use should be guided so that there are truly untrampled 
areas, and that the path network density is kept low (articles I-III). It is important to manage 
spontaneously created paths (Hammitt & Cole 1998), and use natural barriers, such as logs 
and thickets (see Lehvävirta 1999), to limit the creation of extensive wear of the vegetation. 
The effects of trampling were not restricted to the paths, and as such, distances between paths 
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should be more than 20 m to preserve some unaffected understorey vegetation between the 
paths (articles I-II).

Third, closed forest edges, i.e. 225-250 m2 ha-1 trees at edges, can alleviate the effects 
of the edge (article IV). This prevents solar radiation and wind from penetrating far into the 
forest (Matlack 1993). A closed forest edge can also prevent air-borne nutrients and pollutants 
(Weathers et al. 2001), and plant propagules from penetrating the forest (Cadenasso & Pickett 
2001). Edge structure seems to be a very important factor in determining the spatial extent of 
the edge effect into forests (Matlack 1993, Didham & Lawton 1999).

Fourth, managing for closed, spruce-dominated edges is important if the goal is to 
preserve forest interior vegetation in boreal mesic forests. For the most effective protection 
the proportion of conifers, especially spruce, should be 80% or more at forest edges (article 
IV). Spruce trees in particular can act as barriers, as they have branches from ground level to 
the top of the tree, creating a thick curtain at the edge. Spruce trees maintain a suitable low 
soil pH for bryophytes and prevent nitrogen-demanding plant species from thriving at forest 
edges (cf. Saetre et al. 1997), whereas broad-leaved trees increase soil fertility and allow more 
solar radiation and wind to penetrate forest interiors (Schomaker 1968, Hutchison & Matt, 
1976, 1977, Priha & Smolander 1999). In addition, conifers shed needle litter continuously, 
and needles usually drop between moss shoots, thus not preventing the bryophyte layer from 
assimilating (Sveinbjörnsson & Oechel 1992, Frego & Caleton 1995), unlike broad-leaved 
tree litter. This does not mean that broad-leaved trees should be removed from urban forests, 
but spruce trees at urban forest edges are clearly better at alleviating the effects of the edge. 
For example, Sorbus aucuparia saplings might be less abundant at urban forest edges if 
solar radiation and soil fertility were reduced at these edges (see article V). Furthermore, 
closed edges consisting mainly of spruce may guide residents’ movements and limit the 
area trampled upon. However, abundant spruce at the edge may be disliked by residents as 
open forests are preferred (Karjalainen 2002, Tyrväinen et al. 2003). It is important for city 
planners and foresters to determine which ecosystems and species require protection, and this 
decision should guide forest management.

6.2 Possible consequences of vegetation changes in urban forests

Urban forests investigated here included natural forest understorey vegetation in two different 
forest site types and vegetation communities. Unless management can reverse current trends, 
it seems that in the long run urbanization, forest fragmentation and recreational use would 
benefit plant species and vegetation communities tolerant of sunnier, warmer and drier 
conditions, a higher nitrogen load and higher levels of trampling (see e.g. articles I, IV and V, 
Godefroid 2001, McKinney 2002). Grass and S. aucuparia covers are expected to increase in 
urban forests in the future. Vegetation communities may also change towards more fertile site 
types at boreal urban forest edges (article I, Malmivaara-Lämsä et al. 2008a). In addition, open 
habitat species may, in the long run, change the forest species composition and interactions 
- and thus the function of natural forest communities - especially in small and narrow urban 
forest patches (cf. Janzen 1983).



24

6.3 Suggestions for future research

The studies here were mainly performed in boreal mesic forest site type, which is the most 
common vegetation site type in Finland (Kuusipalo 1996, Tomppo 2000). To generalise 
beyond this, other site types and vegetation communities need to be investigated both in 
Finland and abroad. Especially, the effects of edges and trampling in urban forests should 
be investigated together to evaluate their separate and cumulative effects on urban forest 
vegetation.

Results from this thesis suggest that the understorey vegetation is developing toward 
more nitrophilic communities at forest edges (see article I) due to an increase in soil fertility 
there (see Malmivaara-Lämsä et al. 2008a). In addition, results show that the number of 
broad-leaved trees is higher at forest edges than in forest interiors (see articles I-IV), possibly 
contributing to the increase in soil fertility observed at edges (Priha & Smolander 1999). 
Newly-created open edges receive more solar radiation than closed ones (Matlack 1993), 
which favour the growth of broad-leaved trees and thus increase soil fertility at these edges. 
However, this chain of thought is complicated by the fact that urban load is high at edges and it 
is possible that both solar radiation and an increase in soil fertility at edges cause the increase 
in the number of broad-leaved trees (cf. articles I and V, Aphalo & Lehto 1997, Malmivaara-
Lämsä et al. 2008a), creating a positive feedback mechanism resulting in even more fertile 
urban forest edges. Long-term studies of newly cut edges would increase our knowledge 
concerning these issues. At the same time such studies would reveal whether open, conifer-
dominated urban forest edges develop naturally towards closed edges, and whether these 
closed edges include high numbers of broad-leaved trees (cf. Matlack & Litvaitis 1999).

Long-lasting trampling experiments are scarce (but see Cole 1987, Ikeda 2003). This 
thesis revealed that the effects of trampling are different when the same amount of trampling 
is performed quickly compared to over a longer period of time (article III, see also Gallet et al. 
2004). Thus, the experiments in which the duration of trampling has been taken into account 
may reveal different patterns compared to one-time trampling experiments. As trampling 
behaviour may differ from one country or culture to another, these kinds of long term trampling 
experiments with knowledge on the amounts and timing of trampling should be carried out 
to gain results that are applicable to local conditions. In addition, trampling from outside the 
forest edges into the interiors performed in this thesis allowed us to investigate the dispersal 
possibilities of species that are not typical of the natural forest vegetation. Distances between 
paths should also be considered because the effects of paths are reflected in the untrampled 
vegetation off the paths (see articles I-II). Furthermore, future studies could concentrate more 
on path edge effects since this effect may extend further than that found in this and in earlier 
studies where the effects of trampling were observed up to the maximum distance studied (see 
articles I-II, Benninger-Truax et al. 1992, Roovers et al. 2004). Trampling studies in different 
vegetation communities would increase our general understanding of the effects of paths on 
the untrampled vegetation. Finally, long-term trampling experiments should be developed to 
not only study the effects of trampling on the vegetation, but also to investigate vegetation 
recovery on paths in urban forests. Recovery rates would be of considerable importance to 
forest managers who are interested in urban forest restoration programmes.

Reasons for the increase in Sorbus aucuparia saplings in urban forests in Finland could be 
investigated in more detail since soil fertility, which is related to edge effects and trampling, 
is probably not the only reason for this increase. In addition, effects of the C/N ratio and of 
calcium on the growth of S. aucuparia could be verified using glasshouse experiments.
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