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»  The extensive network of forest roads in Sweden facilitates both forestry transportation and
other activities including recreation, berry-picking, hunting, tourism, and firefighting.

»  The multiple uses of roads can lead to conflicts when the interests between stakeholders and
forest owners collide.

» Despite its extent, research into the social, ecological, and environmental consequences of
Sweden’s forest road network is limited.

Since the 1950s, more than 200 000 km of roads have been built in Sweden’s forests, making them
easily accessible and open to multiple uses. The aim of this study was to review the impacts of
forest roads in Sweden from a broad perspective encompassing social, ecological, and environ-
mental factors. The Swedish case is interesting because it has an extensive network of permanent
forest roads which were built primarily for forestry-related transportation but are currently used
by many other stakeholders for many different purposes. Forest roads not only facilitate trans-
portation of wood, machinery, personnel, and equipment into and out of the forest but also enable
emergency response to wildfires and support berry and mushroom picking, hunting, recreation,
tourism, and access to second homes. The roads increase the opportunities for members of the
public to experience forests in various ways. Conflicts arise when different interests collide, for
example when the interests of the forest owner clash with those of commercial berry-picking
companies, tourism entrepreneurs, or reindeer (Rangifer tarandus L.) herding. Forest roads may
have ecological impacts such as barrier and disturbance effects, fragmentation or loss of habitats,
altering fauna movement patterns, and changing the composition of plant and insect species. The
environmental impacts of forest roads relate to, among other things, hydrology, water quality,
and erosion. Predicted changes in the climate are likely to place new demands on Swedish forest
roads but, despite their extent, this review shows that there is only a small amount of rather frag-
mented research on their social, ecological, and environmental consequences. Overall, few studies
appear to cover both social and ecological/environmental factors and their interactions, either in
Sweden or elsewhere. This review provides examples of such interactions in the case of Sweden,
and suggests that more research into these and the specific social, ecological, and environmental
factors involved is warranted.
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1 Introduction

One of the largest structural changes to the forest landscape in Sweden since the mid-20th century
has been the construction of the forest road network. There are around 210000 km of permanent
forest roads in Sweden (Bernes and Lundgren 2009; Eliasson 2011), corresponding to more than
five laps around the equator. Nonetheless, further expansion of the forest-road network is expected
in future (Bergqvist et al. 2023). Unlike many other countries in the sparsely populated northern
boreal coniferous forest belt, where such roads can be more temporary or of poorer quality (Kuk-
lina et al. 2020; Larson and Rew 2022), the vast majority of forest roads in Sweden are permanent
and designed to cope with heavy traffic for most of the year. The expansion of forest roads took
off in the 1950s in connection with a shift in the forest management regime towards a large scale
and mechanised clearcutting system (Eliasson 2011; Mérald et al. 2017). In this system, forest
roads are used not only during final felling, but regularly throughout the whole forest rotation
in conjunction with various management measures. An individual forest road may reach several
stands at different stages of the rotation, increasing the frequency with which it is used. The road
network benefits forest management by making it easier to implement the right measures at the
right time (Filipsson 2001). Access to the forest is also central to coping with disturbance events
such as insect outbreaks, wildfires, and storm felling (Kolstrom et al. 2011).

Today, there are many demands on the functions provided by forests in Sweden including
timber production, biodiversity, water quality, climate change mitigation, and social activities (Sand-
strom et al. 2011; Lundmark et al. 2014). Forest roads may influence several of these functions.
The forest road network is indispensable for forestry transportation. However, as a large propor-
tion of forest roads are open to the public, they also increase general accessibility to forests and
open them up for different uses and nature experiences, through activities such as hiking, cycling,
berry- and mushroom picking, hunting, and fishing (Fig. 1). In Sweden, the Right of Public Access
allows people to access and use privately owned forests as long as nature is not harmed and the
landowner’s interests are not compromised (Sténs and Sandstrom 2013). In the northern half of
Sweden, Sami people herd their reindeer (Rangifer tarandus L.) in forests and alpine heathlands
for grazing and breeding. Over recent decades, this transhumance system has been increasingly
affected by changes in land cover, most of which relate to forestry, in which forest roads are a
factor (Sandstrém et al. 2003; Horstkotte 2013). Thus, there are many stakeholders with an interest
in forest roads in Sweden.
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Fig. 1. Illustration of the multiple uses of forest roads in Sweden encompassing forestry transportation, firefighting, and
public access to the forest and its benefits. Left panel: timber awaiting transportation (top), forest road providing access
to a house (middle), and horse riding on a forest road (bottom). Right panel: burnt forest one year after a severe wildfire
(firefighting) (top), hunting tower by a forest road (middle), and a berry-picking site (bottom). Photos by E. Ring and
M. Wallgren.

Globally, numerous scientific studies have investigated the ecological and environmental
impacts of building, maintaining, and using forest roads (Lugo and Gucinski 2000; Trombulak
and Frissell 2000; Gucinski et al. 2001; Robinson et al. 2010). Many of their findings are broadly
applicable to any region of the world. It is well-known that forest roads have consequences for
flora, fauna, and hydrology (Robinson et al. 2010; Boston 2016; Kastridis 2020). The presence of
forest roads means that nearby forest environments and ecosystems will be affected by traffic, road
maintenance, and increased human presence and activity (Fig. 2). Forest and public roads can have
a wide range of impacts such as barrier and disturbance effects, habitat loss or fragmentation, direct
animal mortality caused by vehicle collisions, changing fauna movement patterns, reducing gene
flow, enabling the dispersal of new predators and competitors, changing the composition of plant
and insect species, altering hydrological patterns, increasing erosion and sediment transport, and
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Fig. 2. Illustration of some of the ecological and environmental factors that can be affected by forest roads, including
wildlife, plants and insects, hydrology, and reindeer. Left panel: capercaillie on a forest road (top), flowering plants in
a road verge (middle), a bee pollinating maple flowers (bottom). Right panel: roadside ditch draining water (top), road
culvert beneath a forest road (middle), and reindeer moving along a forest road (bottom). Photos by E. Ring, L. Djup-
strom, M. Wallgren.

pollution (Forman and Alexander 1998; Trombulak and Frissell 2000; Coffin 2007; Benitez-Lopez
et al. 2010; Boston 2016; Kastridis 2020; Oliveira et al. 2020). How these play out in a specific
geographical location depends on the regional or national context.

The aim of this review is to provide a broad overview of the multiple uses and social, eco-
logical, and environmental consequences of forest roads in Sweden, and to identify or highlight
possible interactions between different factors, gaps in knowledge, and future challenges. Sweden
presents an interesting case for this type of analysis due to its large network of forest roads and the
many stakeholders involved. The study reviews the literature around the following focal themes:
social values, reindeer herding, wildlife, plants, insects, and water.
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2 Material and methods

The character of this review shows similarities to both the integrative review approach described
by Snyder (2019) and the scoping study approach discussed by Arksey and O’Malley (2005). The
purpose was to provide an accessible and concise narrative description of the available research on
several topics relating to Swedish forest roads and to analyse this research. The aim was to highlight
the multiple roles of forest roads at a more general level, rather than providing a complete analysis
of each selected topic. The expertise of the author team spans a wide range of disciplines which
has influenced the selection of topics. Information about forest roads within the selected topics
were collected from various sources. The search engine Google Scholar and the Web of Science
databases were used to find relevant scientific articles, and information was collected from books,
reports, official statistics, reference lists, and authors” own literature collections.

Despite our focus on forest roads in Sweden, studies about other types of roads and from
other parts of the world, particularly Northern Europe and North America, were included if found
to be relevant. The relevance of the literature was determined by considering factors such as geo-
graphic region, topography, target species or species groups, and similarity to other types of roads
and linear clearings. The search process was not systematic. To identify additional literature on
forest roads in Sweden, Norway, Finland, and Denmark, a broad literature search was performed
on 7 December, 2023, using the databases Web of Science Core Collection, Scopus, CABI: CAB
Abstracts, and GreenFILE. The search string was (“forest road”* OR “forestry road”* OR “logging
road”* OR “gravel road”*) AND (Swed* OR Norw* OR Finland* OR Finnish OR Scandinavia*
OR Nordic* OR Fennoscand* OR Denmark* OR Danish) (* meaning truncation). The search
terms were searched for in the title, abstract, and keywords of articles published in English, without
any restriction by publication year. These searches identified a few additional articles as worthy
of inclusion in this study.

2.1 Forest roads in Sweden — a brief overview

Forestry in Sweden is a nationwide and transport-intensive industry that uses the entire Swedish
road network all year round, from small gravel roads to large motorways. More than 90% of the
transport work of forest biomass (transported biomass of timber, pulpwood, energy wood, and
logging residue multiplied by distance) is performed on public roads and the remaining part on
private roads (Davidsson et al. 2023). However, most forest biomass transports (in 2020, 87%
of the transports) start on private roads, half of which were forest roads (Davidsson et al. 2023;
Skogskunskap 2024). Truck transportation of forest biomass has approximately quadrupled
between 1954 and 2020 (Skogsbrukets motortransportkommitté 1957; Davidsson et al. 2023). In
2020, 72.2 million tonnes of forest biomass were transported by truck in Sweden (Davidsson et
al. 2023). Information about the Swedish road network is stored in a national database (National
Road Database, https://www.nvdb.se/).

Implementing current forest management strategies efficiently requires a road network of
a certain density and standard. The forest road network helps to reduce energy consumption and
costs by shortening off-road transport distances and total transport time. Forest roads are also used
to transport forestry machinery such as harvesters, forwarders and site preparation equipment, staff,
seedlings, and various types of equipment.

Forest roads in Sweden are typically built for a maximum vehicle gross weight of 64 tonnes.
They are classified by function, accessibility, and geometric standard, with different classes for
each characteristic (Skogskunskap 2024). Forest roads are usually built from material excavated
from the roadside and/or locally established gravel pits (the road terrace) and specially produced
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gravel- or bedrock material (the road surface). Forest road maintenance includes a range of prac-
tices such as grading of the road surface, adding gravel or bedrock material to strengthen the road
surface, cleaning roadside ditches, cutting roadside vegetation, and adding salt to reduce dusting
and consolidate the road surface (Skogskunskap 2024). Maintenance varies in intensity depend-
ing on how frequently the road is used. Construction and management of forest roads in Sweden
is generally the responsibility of a specified organisation such as a joint property association, or
co-managed by the landowners concerned (Bergqvist et al. 2023).

This review focuses on permanent forest roads in Sweden. Temporary winter roads that are
sometimes used in northern Sweden and strip roads for terrain vehicles are not included. The forest
roads considered here are always privately owned, unpaved and run mainly through production
forest. Traffic intensity is generally low compared with paved motorways but increases in conjunc-
tion with forestry operations. Some of the roads are open for public access while others are closed
depending on landowners’ decisions. In the more populated areas of Sweden, a substantial fraction
of gravel roads are multipurpose roads, leading to farms, houses, summer houses, or farm fields,
and serve other uses besides forestry. The results of this study are probably also applicable to most
of these roads, if they run through forest and are to some extent used for forestry transportation.
In Fig. 3, some terms used in this article to describe different forest road elements are graphically
illustrated. In addition, “roadside” refers to the area (or a part of the area) between the travel way
and the forest edge.
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Fig. 3. Schematic design of a forest road running across a gentle hillslope. Forest roads are constructed to prevent wa-
ter from accumulating in the road. The travel way is compacted to divert precipitation to roadside ditches, which also
collect and transport water coming from the cut slope. Drainpipes transport water from upslope areas across the road.
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3 Results
3.1 Social values
3.1.1 Access to game, fish, berries, and mushrooms

Forest roads are important to many people in enabling them to access and use the forest in various
ways. In Sweden, there is a long tradition of locally embedded usufructuary rights which provide
access to privately owned forests for individuals and groups who are not the landowner, to use
them for grazing, hunting, reindeer herding, and gathering fuel, berries, or materials for construc-
tion and handicrafts. For example, in the past four years nearly 300 000 hunting permits have been
registered every year (Swedish Environmental Protection Agency 2024). During the 20th century
many of the usufructuary rights were regulated through the Right of Public Access, the Reindeer
Management Right, and hunting legislation (Sténs et al. 2016). The Right of Public Access stipu-
lates that the public may roam on almost all land, irrespective of ownership, as long they do not
interfere with the landowner’s interests or cause any damage to the land and what grows, lives, or
stands on it. It also provides leeway for picking berries, mushrooms, common wildflowers, and
herbs (Aslund 2008). Forest roads are vital for accessing game, fish, berries, mushrooms, and other
benefits. In Sweden about half of all visits to the forest are carried out by car, where forest roads
are the primary source of access to forests and means of reaching locations and resources that lie
deeper within them (Hannerz et al. 2016; Gundersen and Vistad 2016).

It is fair to say that access to forests is contested, as debates about forest private property
rights and conflicting interests in the use of forest landscapes illustrate (Hellstrom 2001; Sténs and
Marald 2020). For instance, large scale commercial berry harvesting has long been disputed, the
debate recently intensifying due to an influx of foreign professional berry harvesters (Sténs and
Sandstrom 2013). Aside from complaints about camp sites and littering, the debate has focused
on the boundaries of the Right of Public Access and to what extent commercial actors can com-
mercialise non-timber forest products without any agreement with the forest owner. Closing forest
roads, using gates, is one response to this situation.

3.1.2 Recreation and tourism

In Sweden, there is a strong tradition of using forests for recreation (Hoérnsten and Fredman 2000).
According to earlier research, on average Swedes visit a forest at least every other week (Lindhagen
and Hornsten 2000). Most regular recreational use of forest takes place in people’s immediate
surroundings (Hannerz et al. 2016). Due to urbanisation, the recreational use of forests is highly
concentrated in urban forests or natural reserves close to major cities. Immigrants, who are more
likely to live in cities, are significantly less frequent visitors to forest areas (Lisberg Jensen and
Ouis 2014).

Forest management in urbanised areas has been adapted to accommodate recreation and
promote “social values” (Hannerz et al. 2016; Sténs et al. 2016). This entails the construction of
marked pathways, walking and bicycle paths, and resting places, and managing stands to provide
open views, increase the sense of security and connection to nature, and promote public health
and meaningful public involvement (Holgén et al. 2000; Meier 2013; Hannerz et al. 2016). In
these areas, forest roads have often been improved specifically to suit such recreational purposes
(Gundersen and Vistad 2016).

From a tourism perspective, forests are seen as valuable amenities (Hall and Miiller 2004).
In rural areas, tourism has been promoted as a vehicle for local development and generating new
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forms of income through providing accommodation and camping facilities or opportunities for
health and wellbeing (Almstedt et al. 2014). An increasing number of forest owners have diversi-
fied their businesses, combining forest production with tourism and other remunerative activities
(Zhang et al. 2022). In Sweden, second homes, often located in remote areas on the coasts or in
rural and mountainous areas, are common. More than half the population owns or has access to
a second home (Hall and Miiller 2004). Mobility and access to specific locations and attractions
are central to tourism (Hall and Miiller 2004). Hence, the forest road network plays an important
role in rural tourism.

3.1.3 Aesthetics and cultural heritage

Only a few studies mention people’s experiences of forest roads. While forest visitors ideally wish
to use moderately prepared forest paths for walking, in practice they walk on forest roads (Gun-
dersen and Frivold 2008). Forest roads that are adapted to the terrain are well accepted by users, but
what was considered to be more brutal road constructions (i.e., newly built roads that cut through
the terrain) are poorly accepted (Lind et al. 1974). The visual character of a forest road is thus
influenced by factors like road curvature, ditches, road surface, and surrounding vegetation, and
an overgrown old forest road is particularly appreciated (Gundersen and Vistad 2016). Substantial
traces of logging and off-road transportation, like deep wheel tracks, are aesthetically displeasing
(Lindhagen and Hornsten 2000; Gundersen et al. 2016). In what is experienced as wilderness, the
presence of paths, fire sites and constructions relating to outdoor recreation were acceptable, while
roads and winter tracks for timber harvesting and transportation are disturbing and detract from
the experience (Hallikainen 1998).

Increasing attention is being paid to the cultural heritage that is present in forests (Sténs et
al. 2016). In Sweden, the protection of cultural heritage is regulated by several laws and permis-
sion from the state is required before a new forest road can be built in an area that contains known
ancient remnants (Swedish National Heritage Board 2010). However, only a small proportion of
cultural remnants has been identified and mapped. Thus, many remnants do get damaged by forestry,
for example when building forest roads, before they have even been discovered and documented
(Berg and Gustafson 2013).

3.1.4 Wildfire risk and control

Forest fire is one of the most important natural disturbances that has shaped the ecology of boreal
forests. In Sweden, efforts to control forest fires have been so successful that certain fire-dependent
species are now threatened (SLU Swedish Species Information Centre 2024). Forest roads provide
important infrastructure for firefighting but may at the same time contribute to more human-induced
ignitions since they provide people with easy access to forest landscapes. Narayanaraj and Wimberly
(2012) studied spatial patterns of wildfire ignitions in Washington State and found that human-
induced fires were concentrated close to roads while the greatest area of burning was caused by
large lightning-induced fires in roadless areas. The human-induced fires close to roads were mostly
small because they were reported sooner and easier for the fire fighters to control. Narayanaraj and
Wimberly (2012) concluded that, from the standpoint of the total area burned, the effect of forest
roads on restricting fire size is likely greater than the impact of roads on increasing fire ignitions.

In Sweden, the number of forest fire ignitions varied between approximately 1000 and 4000
per year during 1998-2014 and the total area burnt varied between a few hundred to around 6000 ha
per year, with the exception of one large fire of 13000 ha in 2014 (Ou 2017). More than 70% of
the fires were less than 0.1 ha in size. Of the total number of forest fires, only 7% were known to
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be ignited by lightning and 52% by human activity. Campfires and grilling (11%) and children
playing with fire (9%) were the most common reasons for human-caused ignitions. The cause of
ignition was unknown for 41% of the fires. Analysing a dataset of 124 000 wildfire ignitions in
Sweden over 25 years, Sjostrom and Granstrom (2023) found a strong positive correlation between
population density and number of ignitions. However, fires larger than 10 ha mostly occurred in
sparsely populated areas and were more often ignited by lightning or heavy machinery.

The forest road network is important for wildfire control as it gives fire brigades rapid access
to the forest landscape, making it possible to control fires when they are still small and easy to put
out (Bjorheden 2019). Furthermore, forest roads may function as firebreaks for low-intensity ground
and surface fires, although rapidly spreading high-intensity fires are normally not stopped by a
road (Gucinski et al. 2001). Recent developments in road planning and construction have sought to
improve the usefulness of forest roads for firefighting (Laschi et al. 2019; Thompson et al. 2021).

Pinto et al. (2020) analysed the occurrence and size of forest fires in relation to population
and road densities in Sweden and found more frequent fires in landscapes with high population
and high road density. On the other hand, fires were larger in landscapes with low road density.
The results of Pinto et al. (2020) suggest that earlier findings by Narayanaraj and Wimberly (2012)
and Gucinski et al. (2001) are equally valid for Swedish conditions.

3.1.5 Sanitation and salvage logging

Forest roads are crucial both for sanitation logging, to mitigate insect outbreaks, and for salvage
logging to salvage wood value after disturbances. In a simulation study on the effects of sanitation
logging of wind-felled trees on subsequent disturbance by spruce bark beetle (Ips typographus L.),
it was concluded that focusing on sanitation logging along forest roads created a “firebreak effect”
on the spread of bark beetle and was moderately effective in reducing landscape-scale bark beetle
disturbance (Dobor et al. 2020).

3.1.6 Concluding remarks and research gaps

Forest roads are important for people’s access to and use of forests. This applies to berry picking,
hunting, and reindeer herding as well as recreation and access to second homes. While there is
much research examining these uses individually, there is little that examines the multiple func-
tions of forest roads themselves. The same applies to research on forestry and aesthetic values.
In studies of how people experience the forest and forest management measures, forest roads are
often used for transport and walking. However, the focus is on the surrounding forest, while the
road itself is taken for granted and becomes part of the background. There is an urgent need to
map and document cultural heritage prior to forestry operations, to be able to minimise forestry’s
negative impact on it.

In the future, forest roads may become even more important for dealing with forest distur-
bances because of the increased risk of wildfire, insect damage, and wind felling associated with
climate change (Ikonen et al. 2017; Pureswaran et al. 2018; Venéldinen et al. 2020).

3.2 Reindeer herding

Sami reindeer owners herd their animals in the reindeer management area of Sweden, Norway,
and Finland. Along with direct benefits such as meat and other material products, reindeer herd-
ing has a cultural value as it is a traditional livelihood amongst indigenous Sami people and also
attracts tourism.
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Reindeer require access to a wide range of forests and alpine heathlands, depending on
the season, to graze and breed. Summer is spent grazing in the mountains and after mid-summer
herders gather their animal stock to earmark the calves. In the autumn culling (round-ups) herds
are gathered again and split up into smaller groups after which the migration to winter grazing
grounds begins. This transhumance system has been increasingly affected by changes in land cover
over recent decades, most of which are directly related to forestry: for example changes in the
age distribution of forests and reduced areas of winter pasture (Sandstrom et al. 2003; Horstkotte
2013). Since the 1960s, the forest road network in northern areas has expanded considerably as a
result of increased logging and tourism (Kivinen 2015).

Research on how reindeer herding is affected by forest roads and other infrastructure has
focused on factors such as disturbance and avoidance behaviour. Previous research has shown that
all reindeer (wild or domesticated) avoid forest roads, although the avoidance pattern may shift
between seasons and years (Vistnes and Nellemann 2008; Skarin and Ahman 2014; Turunen et al.
2020). The construction of roads and the increased traffic and tourism they entail is highlighted as
a detrimental disturbance, particularly during calving and round-ups.

In Norway, the abundance of wild reindeer was found to be substantially higher in undisturbed
areas which are not affected by roads (>5 km from infrastructure), in both winter and summer
including the insect harassment period (Nellemann et al. 2003). Wild reindeer (caribou) in Canada
have also been found to show avoidance behaviour in response to forest roads (Courtois et al. 2008;
Pinard et al. 2012; Boan et al. 2014; Vanlandeghem et al. 2021). One model-based study found that
forest cover was the best measure of a habitat’s suitability for caribou, and that including logging
roads and the presence of wolf (Canis lupus L.) improved the model’s accuracy (Boan et al. 2014).
Skarin and Ahman (2014) reviewed how domesticated reindeer respond to various disturbance
sources, including logging roads. The authors compared studies on domesticated reindeer and those
focusing on wild reindeer and North American caribou. Despite extensive domestication, the Sami
reindeer exhibited comparable large-scale avoidance behaviour to that of wild reindeer and North
American caribou, with occasional variations in strength and response. Forest roads may disturb
reindeer migration, leading the animals to wrong pastures and making it more difficult for herders
to find them. Roads that provide access to the herds may also attract poachers and reindeer thieves.
At the same time, forest roads can facilitate the practical work of reindeer herders, for example
when gathering reindeer and organising supplementary winter feeding (Turunen et al. 2020 and
references cited therein).

3.2.1 Concluding remarks and research gaps

Research on the effect of forest roads on reindeer herding is fragmented. The response of domesti-
cated reindeer to various disturbance sources, including forest roads, needs to be addressed at dif-
ferent spatial and temporal scales. For example, migration and movement between seasonal ranges
and feeding areas must be assessed at both regional and local scale and across the herding year
to cover all the activities involved in reindeer herding. Using different scales is important to fully
detect the influence of forest roads and identify the circumstances under which roads may hinder
or force animals to choose a certain habitat. These studies should address the animals’ migration
patterns and behavioural response and draw on the traditional knowledge of Sami people.

3.3 Wildlife

There is a deficiency of studies on how forest roads affect wildlife in Sweden. While more than
500 scientific articles were found on the topic for boreal and temperate forests in the northern
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hemisphere, fewer than 20 originated in Sweden. Given the lack of studies from Sweden, the fol-
lowing overview regarding forest roads and wildlife in Sweden is largely based on studies from
other countries in ecosystems that are considered relevant to Sweden.

If not decommissioned (Larson and Rew 2022), forest roads constitute a permanent change
to continuous forest habitat structures that may affect mobile organisms” access to nearby ranges
(Yemshanov et al. 2022). This applies to the forest road network in Sweden. Animals” responses
to linear features, such as forest roads, depend on the width of the clearing and intensity of motor-
vehicle traffic among other factors. Small, low-traffic roads are generally expected to have small
impacts, while high-traffic roads have higher impacts (Wallgren et al. 2009).

Roads and other infrastructure may affect wild animals in various ways, for instance by
establishing barriers, inducing disturbances, or modifying habitats (Boston 2016). Possible effects
include habitat loss or fragmentation, direct mortality through collisions, altered movement patterns,
reduced gene flow and genetic diversity of populations, dispersal of new predators and competitors,
modification of the physical and chemical environment (e.g. by altering hydrology and pollution),
and increased access for humans (Forman and Alexander 1998; Trombulak and Frissell 2000;
Coffin 2007; Benitez-Lopez et al. 2010; Steyaert et al. 2011; Boston 2016; Oliveira et al. 2020).
Road infrastructure may also increase habitat heterogeneity by creating gaps, linear openings and
tree layering, increasing field layer vegetation along roadsides, and establishing corridors for faster
or more efficient movement (Mackenzie 1946; Haddad et al. 2003; Beyer et al. 2013). The effects
of roads on wildlife generally impact a considerably wider zone than the road prism and adjacent
cleared areas (Forman and Alexander 1998; Soultan et al. 2021). One difficulty in interpreting the
effects of road density on animal abundance is that road densities are often correlated with other
effects, such as habitat loss (Fahrig and Rytwinski 2009; Yemshanov et al. 2022). According to
Findlay and Houlahan (1997), wetland species richness of herptiles and birds may be significantly
reduced at a distance of 2 km from the nearest road or logging site, probably in conjunction with
secondary impacts such as changes to hydrology or forest continuity.

3.3.1 Forest grouse

Birds respond to disruption of forest structure differently depending on their specific habitat
demands, with those species preferring old, closed-canopy forests being most negatively affected
by the presence of forest roads (Bayne et al. 2016). Capercaillie (7etrao urogallus L.) prefer tree
stands >150 m from forest roads for leks (Bolibok et al. 2014). Chick-rearing females of black
grouse (Lyrurus tetrix L.) avoid forest roads, tracks and walking paths (Patthey et al. 2012). One
study in Sweden showed that capercaillie moved faster and more directionally when they were
close to access roads to wind turbines than when they were far from them suggesting that, despite
sparse traffic, the roads stressed the birds (Kémmerle et al. 2021).

Forest roads increase the species richness of local bird communities (Mackenzie 1946), and
this is usually attributed to the increase in habitat heterogeneity and thus suitability for a higher
number of species (Salek et al. 2010). Residual habitats such as forest edges and roadsides have
been shown to be important for some bird species in Sweden (Berg and Pért 1994). The openness
associated with forest roads and edges in general may increase the distance and speed of bird song
transmission (Yip et al. 2017), which may affect social interactions as well as population assess-
ments of birds.

The deterrent effect of forest roads on predators may be beneficial for forest grouse. An
experiment using artificial ground nests revealed that predation was lower at <1 m distance from
forest logging roads than at distances of >50 m from them (Yahner and Mahan 1997). Similarly,
Matysek et al. (2021) found that tourist trails and unpaved roads reduced the predation rate of
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artificial hazel grouse (Zetrastes bonasia L.) nests. Comparable results have been found for other
cleared areas and explained as relating to the ability of vegetation to provide hiding places for the
predator (Hummel et al. 2017).

The presence of humans can have a deterrent effect on birds. In bird communities in Finland
the presence of ground nesting species was negatively affected by the frequency of human hikers
on forest paths (Kangas et al. 2010). Forest roads that increase the presence of humans in previ-
ously less disturbed forest habitats can be expected to have the same effect.

3.3.2 Herptiles

A vast amount of scientific literature reports significant effects of road mortality on local popula-
tions of amphibians (deMaynadier and Hunter Jr. 1995; Elzanowski et al. 2009 and references
therein), particularly in close proximity to wetlands (Boston 2016). Aside from the risk of being
run over by motor vehicles, there is an increased risk of predation by exposure on the open sur-
faces created by roads (deMaynadier and Hunter Jr. 1995). Although at considerable risk of road
mortality (Chmielewski 2016), snake responses to roads seem equivocal (Baxley and Qualls 2009;
Baxley et al. 2011). It is possible that warm temperatures and access to food attract snakes to road
surfaces and roadsides.

In a study from Maine, USA, deMaynadier and Hunter Jr (2000) found that forest roads
restricted the movements of salamanders, but not of frogs and toads. Natal dispersal of salamanders
was particularly negatively affected and more so by larger roads than small, less trafficked roads
(deMaynadier and Hunter Jr 2000). On the other hand, toads may exhibit higher travelling speeds on
forest roads than in the forest, possibly due to the effect of warmer temperatures on roads (Deguise
and Richardson 2009). The road-effect zone for woodland salamanders was shown to extend 35 m
to either side of relatively narrow, low-use forest roads (Semlitsch et al. 2007).

The barrier effect of roads may cause local extinctions of amphibian populations through
isolation (deMaynadier and Hunter Jr. 1995). Even moderate genetic, demographic, and environ-
mental stochasticity may have detrimental consequences for fragmented populations.

Other features associated with forestry and forest roads may be important for herptiles, for
example ditches (Dibner et al. 2014; Homyack et al. 2016). However, in the eastern USA, Johnson
et al. (2016) identified slightly lower species richness of amphibians in roadside ditches than in
small natural streams.

3.3.3 Mammals

Roads may induce avoidance or barrier effects for mammals (Coffin 2007; McGregor et al. 2008;
Boston 2016; Soultan et al. 2021). Pattison and Catterall (2019) conclude that narrow (i.e., 8 m)
non-road seismic lines in boreal forest environments only marginally reduced the propensity to cross
in some mammal groups: hares, medium sized carnivores and large and medium sized herbivores.
On the other hand, movements along (rather than across) linear clearings were preferred by most
mammal groups covered by the study, except small mammals (Pattison and Catterall 2019). Small
mammals’ tendency to avoid linear forest clearings has been explained by the higher exposure
and different ground surfaces (including vegetation and soil properties) the clearings present than
is found in intact forest vegetation (Haddad et al. 2003; Pattison and Catterall 2019). Research by
McGregor et al. (2008) showed that rodents strongly avoided the road surface itself, rather than
emissions such as noise and lights from the vehicles on the roads. Linear movements were most
pronounced in the mammal groups with the highest energetic requirements: large carnivores and
herbivores, followed by medium sized carnivores and herbivores (Pattison and Catterall 2019).
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Two studies from Canada indicate that clearings along roads and other linear features may
increase the densities of shrubs and saplings, which may attract large herbivores (Pattison and
Catterall 2019; Darlington et al. 2022). Similar results have been shown for moose (A4/ces alces L.)
in Sweden and Norway, who in both cases avoided forest roads but not power lines (Eriksen et
al. 2009; Neumann et al. 2013; Bartzke 2014). However, in Norway moose showed no selectivity
related to roads in wintertime, which Bartzke (2014) suggests was an effect of higher food avail-
ability close to roads counteracting disturbance from traffic. Loosen et al. (2021) have also observed
higher browsing occurrence near secondary roads (including forest roads) but lower browsing
along primary roads (paved roads and highways). They argue that the greater amounts of highly
selected deciduous forage attracted moose to roads in general but high traffic speeds and volumes
and barrier effects from fences counteracted the effect of increased forage availability on primary
roads. Further, the presence of young commercial forest intensified the pattern of increased browsing
on pine close to secondary roads when compared with, for example, the presence of clearcuttings
which generally provide less browse (Loosen et al. 2021), indicating that moose react to overall
food access and/or disturbance levels in proximity to forest roads.

In Finland, browsing damage by moose was lower close to roads than further away (Nikula
et al. 2019). Similar results were found by Gicquel et al. (2020) in Sweden, but they also showed
that size of road was important. Unlike large roads, on forest roads the presence and level of moose
browsing damage to pine decreased at increasing forest road length (assessed for 1x1 km squares)
(Gicquel et al. 2020). However, these lower levels of damage close to forest roads may very well
be due to a dilution effect rather than road avoidance, because in Sweden most young forests are
reachable via forest roads and there should thus be a positive correlation between forest road length
and amount of young forest available for browsing.

Although there is a connection between large herbivore browsing and distance to roads,
there may be more complexity behind this pattern. Loosen et al. (2021) found that moose brows-
ing on rowan (Sorbus aucuparia L.), a highly selected forage species, occurred further away
from secondary roads if wolf territories were present than if they were not. Wolves use roads to
travel (Zimmermann et al. 2014) and thus the predation risk from wolves can be higher close to
roads, which may explain why prey species such as large herbivores avoid roads (Eriksen et al.
2009; DeMars and Boutin 2018; Francis et al. 2021; Vanlandeghem et al. 2021). However, resting
wolves prefer sites with thickets located away from forest roads, suggesting that wolves also seek
concealment during periods of low activity (Bojarska et al. 2021). Zimmermann et al. (2014) and
Thorsen et al. (2022) found that forestry roads were frequently used by wolves in Scandinavia, but
avoidance of human settlements had a stronger impact on their movement patterns at some scales.
By contrast, brown bear (Ursus arctos L.) in Norway have been found to avoid forest roads but may
tolerate being in their vicinity if vegetation nearby these roads is very dense (Steyaert et al. 2011).

Ambiguous results have been reported regarding the effects of forest roads on a small
carnivore: marten (genus Martes). Pine martens (Martes martes L.) can be tolerant to human
activities and various landscape features. Small local roads may not impede the genetic connec-
tivity of pine marten in France (Larroque et al. 2016). However, because trapping of pine martens
is highly skewed towards roads, with traps generally placed in their close vicinity (Wiebe et al.
2013), mortality risk is higher closer to small roads. Pacific marten (Martes caurina, Merriam) has
been shown to select home ranges and display higher level of activity farther away from salvage
logging roads than can be explained purely by chance (Volkmann and Hodges 2021), but in the
absence of natural predators it has also been shown to select habitats close to forest roads, both
active and abandoned, possibly due to higher prey abundance and occasional deer carrion (Breault
et al. 2021). In other words, their response towards forest roads seems to be interacting with other
variables, such as mortality risk or food availability.
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3.3.4 Concluding remarks and research gaps

The effects of forest roads on wildlife have primarily been studied at a species level and less so ata
community level. Variables such as species richness have been investigated, whereas the effects on
ecological interactions, such as predator-prey and competition dynamics, are much more difficult
to assess and have received little attention, not least in Sweden where large carnivores are scarce.
Nevertheless, impacts on key species in ecological communities may have cascading effects on
other species as well as the functionality of the whole community. Therefore, future studies into
the effects of forest roads on wildlife in Sweden should aim to include more than a single species,
and preferably more than one higher taxon such as order (for example ungulates or carnivores) or
class (for example mammals or birds).

Further, although numerous studies of wildlife species movement patterns in relation to
forest roads have observed some level of avoidance or attraction, causal relationships have rarely
been shown. In most studies the reported effects seem to be attributed to direct disturbance by
roads through habitat fragmentation or disturbance factors related to human activity, but others
argue that indirect factors such as forestry operations, especially clearcutting, or altered predation
or competition levels between wildlife species, may be the key drivers of the effects observed. In
Sweden, wildlife disturbance by human activity is probably low along most forest roads, whereas
the impact of forest roads on habitat loss and fragmentation may be much more significant. At
the same time, vegetation along road corridors typically includes deciduous species with high
forage value for large herbivores. The browsing pressure from large herbivores is generally high
in Swedish forest landscapes, particularly with respect to highly selected food items such as some
deciduous species. The roadside vegetation may benefit these animals by providing high quality
forage. Furthermore, Swedish production forests are typically monocultures of Norway spruce
(Picea abies (L.) H. Karst.) or Scots pine (Pinus sylvestris L.), and corridors of deciduous vegeta-
tion may provide beneficial habitat heterogeneity for birds and small mammals.

Clearly, forest roads have consequences for wild mammals beyond the construction of
the road itself because they enable clearcutting and other human impacts, for instance hunting.
This is especially the case in Sweden, where rotational forestry with large clearcut areas is
the dominant forest management regime and hunting is the most important cause of mortal-
ity for large herbivores as large carnivores are scarce. In addition, both roads and hiking trails
may negatively affect the occupancy of wild mammals, even in protected areas such as nature
reserves, and, thus, planning of all such infrastructure should take into account how its impacts
on wildlife habitat can be minimised (Soultan et al. 2021). One way of doing that is to place
roads and trails in the periphery of the protected area rather than allowing them to pass through.
In parallel with that, forest roads in Sweden could be planned to circumnavigate, rather than dis-
sect, larger continuous forests to minimise disturbance. Finally, improving existing understanding
about the ecological effects of forest roads on wildlife requires an approach that is both holistic
(encompassing movement, predation, and food availability) and domestic. Both favourable and
adverse effects are likely to be found. Special attention should be paid to changes in species
compositions such as atypical species migration into new forest areas and the disappearance of
characteristic species.

3.4 Plants
Forest roads can both favour and disfavour plants depending on the species and type of forest road.

Apart from the negative effect of road construction on habitat destruction, the impact of forest roads
on plants mainly relates to the frequency of road maintenance as well as the width of the roadway
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and the cut area adjacent to the road. This affects disturbance intensity and how much sunlight that
reaches the ground, i.e., sun exposure, which in turn affects plants (Persson 1995; Runesson 2012).

Plant species associated with forest interior are disfavoured by forest roads because they
open up the forest (Lazaro-Lobo and Ervin 2019). However, many plants are adapted to intermedi-
ate levels of disturbance, i.e., high enough to inhibit dominance by shading trees and bushes, but
low enough to allow plant growth and seed spreading. Most studies of how plants are affected by
different management types and intensities have focused on larger public roads and concern plant
species historically associated with grasslands and pastures (Runesson 2012). This is probably
because road verges have taken on a more significant role as potential habitat for plants that are
adapted to traditional grassland management, many of which are currently threatened due to the
sizeable loss of grasslands and pastures in Sweden since the 1940s (Ihse 1995).

Road verges along smaller roads are favourable biotopes for plants but are not necessarily
a substitute for grasslands and pastures. In Sweden and Finland, plant species richness was found
to be similar or higher along smaller roads (including forest roads) than in adjacent grasslands and
pastures, but had different species composition and plant traits (Tikka et al. 2000; Jantunen et al.
2006; Runesson 2009).

Compared to road verges on larger public roads, forest road verges in Sweden generally
provide shadier conditions and less impact from road maintenance such as salt addition and ditch
cleaning (Tikka et al. 2000; Runesson 2009; Auestad and Hanssen 2010). However, forest roads
also vary in quality as plant habitat in terms of sun exposure and maintenance. Lower mainte-
nance intensity allows for lusher vegetation, which can benefit other threatened plant-dependent
organisms such as bees, butterflies, and beetles (Lennartsson and Gylje 2009). The fact that forest
roads create a network of open or semi-open areas in the forest landscape can also increase the
abundance of deciduous tree species. Tikka et al. (2000) showed that the deciduous tree species
goat willow (Salix caprea L.) and grey alder (A/nus incana (L.) Moench) were more common
along forest roads in Finland than in interior parts of the forest.

One concern relating to road construction and maintenance is the spread of invasive plant
species (Rauschert et al. 2017). Road construction favours the establishment of exotic plants in all
kinds of landscapes, including forests (Lazaro-Lobo and Ervin 2019). Exotic plants are unlikely
to become established in mature forests since many non-native plants are favoured by open and
disturbed conditions (Dodson and Fiedler 2006; Shields and Webster 2007). However, forest roads
can act as suitable biotopes for noxious weeds and ease the spread of non-native plant species
into newly disturbed forest areas and other more open biotopes (Tikka et al. 2001; Birdsall et al.
2012). The invasive herb lupin (Lupinus polyphyllus Lindl.) is common along roads in Sweden.
In a study from Finland, plant diversity and butterfly abundance in road verges along larger public
roads were negatively affected by the presence of lupin (Valtonen et al. 2006a).

3.4.1 Concluding remarks and research gaps

Most studies of plants growing on road verges have been performed along larger public roads
with intensive maintenance regimes and have focused on plant species historically associated
with grasslands and pastures. Hence, it is unclear how most Swedish forest roads, which normally
have shadier conditions and less frequent maintenance, affect plants, including their potential to
act as valuable biotopes for plant species that favour open or semi-open conditions and a cutting
interval of two to five years.

The management of forest road verges could be used as a tool for increasing local and
regional plant biodiversity. For example, sections of forest road with the potential to offer habitat
to threatened grassland and meadow species could be identified and specifically managed to sup-
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port these types of plants. There is ample evidence from Nordic countries on how to design road
maintenance to benefit such plants: for example, cutting late in the season, removing plant material
after cutting, sowing desirable plants and adapting ditch cleaning (Persson 1995; Schaffers 2002;
Jantunen et al. 2007; Runesson 2009; Auestad et al. 2010).

3.5 Insects

Insects are a species-rich group of organisms which can be affected by forest roads in several
ways, for example increased mortality risk due to vehicle collisions and changes in habitat char-
acteristics and dispersal possibilities. One review of the effect of roads on insects found a strong
positive correlation between traffic volume and insect mortality due to vehicle collisions (Mufioz
et al. 2015). This suggests that forest roads, which have low traffic intensity, are unlikely to cause
significantly increased insect mortality.

Ground-living beetles in Finland and Sweden are affected by forest roads in terms of both
species richness and species assemblages (Koivula 2005; Melis et al. 2010). Koivula (2005)
showed that along Finnish forest roads, ground beetle (Carabidae) assemblages were mostly
affected by factors related to light conditions (road width, proximity of open habitat, and com-
pass direction). Species richness of ground beetles was higher, and the species assemblages were
different, in road verges than on sites 25 meters into the boreal forest (Koivula 2005). Similar
results were reported by Melis et al. (2010) who showed that the species richness of ground
beetles was higher at road sides than in the adjacent young forests (<7 years since logging) and
decreased with increasing distance from the road. Melis et al. (2010) also found that road verges
both along roads with low- and high traffic intensity possessed a different ground beetle fauna
than was found in young forests.

It has frequently been suggested that flower-visiting insects benefit from forest roads. Hanula
et al. (2016) showed that in American forests, bees and butterflies generally preferred open forest
habitats such as roadside corridors, regardless of forest type, geographic region or methods used
to create those habitats. In an international review, Phillips et al. (2020) demonstrated that road
verges are often hotspots of flowers and pollinators. In Sweden, Westerfelt et al. (2018) showed
that population sizes of a bee species associated with disturbed forests can be better predicted by
the roadside flora along forest roads than by the flora found in young forests. Berg et al. (2011)
concluded that Swedish road verges have the potential to be favourable biotopes for pollinating
insects, at least considering small roads, such as forest roads, where traffic is limited. There are
indications that butterflies prefer forest roads to roads in open landscapes since more Lepidoptera
species were found in road verges surrounded by forest while verges surrounded by cultivated
fields generally contained low numbers of Lepidoptera (Saarinen et al. 2005).

Forest roads can affect the movement patterns of insects since they create an open corridor
with a hard road surface. It seems well established that larger paved roads inhibit the movement
of ground-living beetles (Muifioz et al. 2015; Koivula and Vermeulen 2005). It is unclear to what
extent Swedish forest roads affect insects” movement patterns. Smaller gravel roads have been
shown to act as barriers to ground-living beetles and spiders in Germany and Japan (Mader et al.
1990; Yamada et al. 2010). Koivula (2005) frequently captured ground beetle species associated
with mature closed forests in the centers of forest roads, concluding that forest roads are likely not
dispersal barriers for forest carabids, at least for the species studied. Further, larger public roads
in Sweden have been shown to restrict the movement of flying flower-visiting insects to some
degree (Daniel-Ferreira et al. 2022). Forest roads can also act as dispersal corridors and/or sink
habitat (i.e., a low-quality habitat which needs the input of individuals to maintain its population)
for carabids that do not typically inhabit forest biotopes. Koivula (2005) showed that, at roadsides

16



Silva Fennica vol. 58 no. 4 article id 24021 - Ring et al. - Forest roads in Sweden — infrastructure with multiple. ..

surrounded by forest, generalist carabids decreased in abundance with increasing distance to the
nearest large open-habitat area along the road.

Helldin et al. (2015) used the concept of ‘responsibility species’ for road and railroad verges
in Sweden, meaning red-listed species (following IUCN, The International Union for Conservation
of Nature, criteria) at least 20% of the occurrence of which is in road- or railroad verges. This level
of occurrence (>20%) was based on information retrieved from “Artportalen” (https://artportalen.
se/, which is managed by SLU Swedish Species Information Centre), an internet-based platform
for voluntary reporting of species observations. They found 32 such responsibility species for
road- and railroad verges, of which 18 were insects. By analysing the habitat and management
requirements of these species, the following qualities and structures of road sides were found to
benefit the responsibility species: open or semi-open habitats, drier land on sandy or limey soil,
solitary trees, patches of bare soil, and sun exposed wood. Conservation actions prescribed for
these species include late or irregular mowing, planting of host species, protecting and providing
particular substrates, and special protection of certain sites.

3.5.1 Concluding remarks and research gaps

As for plants, most studies of insects have been performed along larger public roads with intense
maintenance regimes (Gardiner et al. 2018) which makes assessing the impact of forest roads on
insects more difficult. The environment created along many Swedish forest roads offers open or
semi-open conditions with less intense maintenance than larger public roads. This allows for more
lush vegetation, which benefits many insects, not least flower-visiting insects (Valtonen et al. 2006b;
Lennartsson and Gylje 2009). Such conditions are reminiscent of power-line corridors, which have
been shown to be ideal biotopes for many butterfly species (Berg et al. 2011).

As often applies to insect research, there is a lack of studies regarding many insect groups.
The most studied insect groups in terms of the effect of forest roads, are ground-living beetles,
butterflies, and bees. Forest roads affect ground-living beetles by altering species composition, and
the same probably applies to other insect groups that have not yet been studied. Flower-visiting
insects generally benefit from forest roads, especially if the road verges are rich in flowers, and
bees also benefit from roadsides with bare ground (Munguira and Thomas 1992; Saarinen et al.
2005; Hopwood 2008; Helldin et al. 2015).

How the density of forest roads affects the insect fauna at a landscape level is relatively
unknown, but there are indications that the local conditions along Swedish forest roads have a
greater influence on abundance and species composition than landscape factors (Berg et al. 2011;
Daéniel-Ferreira et al. 2020).

3.6 Water
3.6.1 Hydrology

Forest roads in Sweden are constructed with the specific aim of influencing local hydrology to
safeguard road functionality (Fig. 3) (Kuttah and Arvidsson 2017). Obviously, this affects not
just road functionality but local hydrology more broadly. Road ditches (along any type of road)
account for 25% of total water channel length in 11 regions across Sweden where the land cover
type is predominantly forest (Paul et al. 2022). The remainder are forest ditches (56%), natural
channels (13%) and agricultural ditches (6%). According to a review by Kastridis (2020), forest
roads have multiple impacts on hydrology: they increase surface runoff when rainfall intensity
exceeds road surface infiltration capacity; intercept surface and subsurface water flow from road
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cut slopes; enhance hydrological connectivity with receiving surface water bodies; and increase
the density of the hydrographic network and change the shape of the hydrograph for the catch-
ment. Hydrological impact and/or erosion caused by forest roads is generally more intense during
storm events, in steep terrain, and in areas with highly erosive soils, peatlands, and other wet areas
(Kastridis 2020). Inadequate road construction can cause increased erosion, landslips, sediment
export to surface water bodies, and adverse impacts on local hydrology such as drainage of nearby
wetlands (Boston 2016; Lomander et al. 2016). Road construction in wet areas requires special
consideration and technical solutions (Skogskunskap 2024 ) and involves higher risk of altering
water flows and harming water quality.

Simulations of the hydrological response under different storm intensities for 20 forested
catchments in Sweden indicated that road topography had an effect but this was much smaller than
anticipated (Nickman et al. 2016). In this study, it was assumed that the road network, including its
embankments, was the macro-scale element in the catchment that affected water routing. All types
of roads were included, and simulations were performed with and without roads, i.e., the roads
were virtually removed from the digital elevation model. Any changes in micro-topography and/
or surface infiltration due to road construction were considered to have minimal impact. In another
study, hydrological modelling was used to model peak discharge and water level for three drainage
structures at road/stream intersections on major general roads in a catchment in southwest Sweden,
using various climate and land-use scenarios (Kalantari et al. 2014). The results indicated that the
dimensions of these structures were insufficient to manage the highest water depths simulated.
For main roads in Sweden, Kalantari and Folkeson (2013) suggest various measures for adapting
drainage system construction, operations, and maintenance to climate change based on a survey of
professionals working with road drainage. They propose that the capacity of the drainage facilities
should be increased, ditch slopes stabilised, and measures should be taken to prevent clogging of
culverts. These measures could also be relevant for forest roads.

3.6.2 Water quality and aquatic organisms

Construction and maintenance of forest roads may increase sediment exports to nearby surface
water bodies, and this could be detrimental to aquatic life (Croke and Hairsine 2006; Boston 2016).
Factors that influence the amount of sediment generated from forest roads include the condition of
the road, maintenance practices for roadside ditches, extent of exposed surfaces on the cut and fill
slopes, soil texture and climate since this affects the amount, type, and intensity of precipitation
events (Boston 2016).

Salt (CaCl, or MgCl,) or lignosulfonate is applied once or twice per year to Swedish forest
roads to reduce dusting and consolidate the road surface (Skogskunskap 2024). De-icing of public
roads using salt (NaCl) damages soil, groundwater, and stream water chemistry (Lofgren 2001;
Lazur et al. 2020). Likewise, salt addition to forest roads could potentially affect the chemistry of
nearby water, but no studies on this topic were found which related to forest roads. Investigations
have been undertaken to determine the consequences of using wood ash in the construction of gravel
roads. From a study in central Sweden, Nordmark et al. (2022) concluded that mixing 30% wood
fly ash into the road base material had low and acceptable impacts on nearby soil and vegetation.

Culverts, which are used to enable forest roads to cross streams, must be correctly installed
to avoid adverse effects on aquatic organisms. Specific recommendations are available in Sweden
on installing road culverts to reduce soil stability problems on gullies and slopes (Lomander et al.
2016). Diebel et al. (2015) concluded that studies of the effects of road crossings on fish passage
(mainly individual crossings, typically culverts, located in small streams) have generally reported
lower rates of fish passage through road crossings with outlet drops, high water velocities and
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shallow water depths than through crossings that better resemble a natural stream reach. In seven
small streams in northern Finland/Norway, the effects of restoring impassable road culverts on the
distribution of juvenile Atlantic salmon (Salmo salar L.) were evaluated (Erkinaro et al. 2017).
Restoration allowed culvert passage of juvenile salmon and increased the distribution area of
salmon parr in the streams.

3.6.3 Concluding remarks and research gaps

Although regulations and guidelines relating to forest roads in Sweden do consider hydrology
(Lomander et al. 2016; Swedish Forest Agency 2023; Skogskunskap 2024), there are few peer-re-
viewed articles on the water-related effects of forest roads. The number of physical barriers removed,
of which road culverts are one, is used as an indicator for the implementation of the Swedish
Environmental Objective “Flourishing Lakes and Streams” (Sveriges miljoméal 2024).

The projected changes in climate must be taken into consideration when planning future
expansion, maintenance, and use of the forest road network. Road alignment, construction, and
maintenance with respect to hydrological conditions may become even more important (Kalan-
tari and Folkeson 2013). Further, the conditions for off-road transportation may worsen (Swedish
Meteorological and Hydrological Institute 2024) and forest roads may then become more important
for avoiding the soil disturbance and associated sediment export to surface water bodies caused
by off-road transportation. In addition, well-built forest roads with properly installed road culverts
may provide better stream crossings than temporary bridges, possibly causing lower sediment
exports to streams.

Given the limited research into and lack of systematic monitoring of forest road construction,
the hydrological and water-quality impacts of the forest road network in Sweden remain rather
unclear. More information on the impact of Swedish forest roads on local hydrology and surface
water quality would be valuable, both for low-and high-relief terrain (cf. Webster et al. 2015).

4 Discussion

Forest roads in Sweden are built for long-term use and are therefore likely to have long-lasting
impacts. This review shows that there is limited and rather fragmented research on the social, eco-
logical, and environmental effects of Swedish forest roads. This supports the findings of Johansson
et al. (2013) who concluded that the scientific literature regarding forest roads in Sweden was too
limited to enable an evaluation of whether existing environmental considerations, according to
legislation and forest certification, were sufficient. Previous research has often focused on how
individual factors are affected by roads. Studies covering a broader range of topics related to forest
roads are scarce, both in Sweden and internationally. This review shows that the impacts of forest
roads are diverse and complex, and all the more so if multiple topics are addressed simultaneously.

When assessing the impacts of forest roads more generally, both consistent and contradictory
patterns can be discerned, for example regarding different forms of transport. Forest roads not only
enable efficient forestry transportation and increased public access, but they can also act as transport
routes for wildlife, reindeer, and water (Pattison and Catterall 2019; Kastridis 2020; Turunen et al.
2020). Conversely, they can be a barrier to the movement of wildlife, ground-dwelling insects, and
groundwater flow (Mader et al. 1990; deMaynadier and Hunter Jr 2000; Kastridis 2020). Further,
forest roads may both enhance and destroy ecological and social values. For example, forest roads
can increase plant and insect diversity in road verges. However, this could entail altering the species
composition in an undesirable direction and spreading invasive species (Tikka et al. 2000; Melis
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Fig. 4. Schematic illustration of pathways to potential ecological, environmental, social, and economic impacts of for-
est roads in Sweden. The outer circle (dashed line) represents the interactions between different factors. The illustration
focuses on the topics of this study.

et al. 2010; Rauschert et al. 2017; Lazaro-Lobo and Ervin 2019). In addition, forest roads enable
recreation and various forest experiences, but improper road delineation can damage or destroy
existing habitats, scenic views, and cultural remnants.

Fig. 4 provides a schematic illustration of the potential pathways to ecological, environ-
mental, social, and economic impacts relating to forest roads in Sweden, taking Robinson et al.’s
(2010) conceptual framework for addressing the ecological impact of forest roads as a starting
point. More research is needed to better understand the connections and interactions between dif-
ferent factors. A comprehensive description of the current status of private roads in Sweden has
recently been published by the Swedish Forest Agency, and was produced by a working group
consisting of representatives from commercial forestry, forest trade associations, authorities, and
research (Bergqvist et al. 2023). The aim was to provide a common basis for identifying measures
and initiatives for developing the private road network, particularly the forest road network. The
report points out many shortcomings and future challenges.

In a changing climate with altered precipitation patterns, forest road construction and main-
tenance procedures may need to be adapted to maintain the functionality of forest roads (Kalan-
tari and Folkeson 2013; Bergqvist et al. 2023). In addition, forest roads may become even more
important for firefighting, as the size and number of forest fires in Sweden are expected to increase
as a result of climate change (Swedish Portal for Climate Change Adaptation 2024). However, the
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right of forest owners to block public access to forest roads by installing gates, to avoid problems
such as additional maintenance, littering and garbage dumping, could complicate firefighting and
rescue operations (Bergqvist et al. 2023). A higher future demand for forest products could lead
to more intense forestry and greater need for forestry transportation, increasing the importance
of forest roads (Lindén et al. 2023). Recently, uneven-aged and continuous-cover forestry have
been proposed as alternatives to even-aged silvicultural management and clearcutting (European
Commission 2021). These approaches would probably require more frequent transportation on
forest roads and more road maintenance. Finally, technical developments such as electrification
of forestry transports and the use of drones could change the future role of forest roads (Pernestal
et al. 2023; Buchelt et al. 2024).

In Sweden, the expansion of forest roads only began about 70 years ago, but their spread has
been rapid and today they are found in almost all forests. They are taken for granted, and there is
no discussion about their existence or non-existence, as has arisen in the USA for example. Indeed,
forest roads tend to fall under the radar in the otherwise lively debate about forestry. Many people
see it as their right to use the roads to access berry picking sites, recreational areas or as a basis
for hiking and cycling. Conflicts arise when different interests coincide, for example when the
interests of commercial berry-picking companies, tourism entrepreneurs, reindeer herding, and
snowmobiling collide with the interests of the forest owners, when co-ownership and management
of forest roads leads to disputes or when increased access to the forest affects threatened species
and biodiversity. With the individualisation of society, an increasingly urbanised population, dis-
cussions about strengthening private ownership of forests, multiple rights being pitted against each
other, and more signs of climate change, the invisible existence of forest roads may come more
into the spotlight (Sténs and Marald 2020).

The forest roads in Sweden have been built primarily to serve the interests of the forest
industry in combination with the state’s ambition to strengthen different parts of the country (Méarald
et al. 2017). Today, these roads are used for many more purposes than was initially anticipated. As
shown in this study, a whole range of social, ecological, and environmental factors are linked to
forest roads in Sweden. Finding trade-offs here is not easy. However, by taking a broad perspective
and identifying pros and cons, it is possible to understand the contradictions related to forest roads
in a holistic way (Fig. 4). Finding solutions to these contradictions and tackling future challenges
will require a similarly broad perspective. However, since few studies do this, particularly which
focus on forest roads in Fennoscandia, further research is needed.
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