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Abstract

Restoring near-natural grasslands on roadsides is an excellent
opportunity to support native biodiversity and provide
ecosystem services that benefit the safety and functionality of
road networks. Although several best practices and case
studies are available on biodiversity-friendly roadside revege-
tation measures, their application is quite scarce, and, in
practice, ecological aspects are rarely considered. To restore
and preserve diverse and native roadside vegetation, we
suggest (1) facilitating discussion, cooperation, and knowledge
transfer between ecologists and agencies responsible for
roadside vegetation management, (2) prioritizing the use of
native plant species in roadside restoration and revegetation,
as well as increasing regional capacities for native seed pro-
duction, (3) supporting the application of biodiversity-friendly
management practices of roadside vegetation, and (4) inven-
torying and conserving remnant semi-natural roadside
grasslands.
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Introduction

The UN Decade on Ecosystem Restoration
(2021—2030) offers unprecedented opportunities to
halt negative human impacts on biodiversity and restore
global ecosystems. Global restoration ambitions pose
great challenges, as several theoretical and practical
issues need to be tackled for maximizing biodiversity
benefits from the planned actions [1]. Because of the
limited resources in the nature conservation sector, it is
key to identify synergies where conservationists can act
jointly with other sectors, and restoration outcomes
provide win—win solutions for multiple stakeholders
[2]. Such a field might be the restoration of roadside
vegetation. The total global road network is longer than
64 million km and continuously increasing [3], with the
roadsides covering approximately 1% of the surface of
developed countries [4]. While the revegetation of
roadsides and maintenance of permanent vegetation are
an important task for road managers, roadsides could be
plausible places for the restoration of grasslands that
otherwise are neglected in most restoration agendas
despite their global decline, high biodiversity, and po-
tential in the delivery of ecosystem services [5—8].

The objective of this opinion paper is to evaluate cur-
rent trends and future perspectives in roadside grassland
restoration. First, the specifics of roadside grassland
restoration compared to non-roadside areas are
discussed. Second, we briefly introduce the current
state-of-the-art of roadside revegetation, highlight some
of the best practices available, and emphasize the need
for their wide adoption. Third, we discuss trade-offs and
synergies in roadside grassland restoration. Finally, we
identify the most important knowledge gaps and the
most pressing practical challenges that need to be
addressed in the field.

Vegetation of roadside grasslands and
specific challenges related to their
restoration

The structure and species composition of roadside
grasslands depends on their origin, bedrock, topographic
and climatic factors, landscape context, and manage-
ment (Appendix 1). Globally, many roadside areas hold
degraded vegetation and harbor non-native species,
including several invasive alien plants [9,10]. The
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Figure 1
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Roadsides provide safe havens for several endangered plant species in many parts of the world. Rocky outcrops on roadside provide habitat for the
Pannonian strict endemic species Seseli leucospermum (panel a) and to the sub-Mediterranean flora element Aethionema saxatile (panel b) in the
Transdanubian mountain range, Hungary. Mown roadside verges provide refugia for endangered species of hay meadows, such as Gladiolus imbricatus
in the Tatra mountains, Poland (panel ¢). Roadsides in the Mediterranean harbor several orchid species, such as Serapias cordigera (Lesbos, Greece,
panel d), Ophrys lesbis (Turkey, panel e), and Himantoglossum calcaratum (Bosnia & Herzegovina, panel f). Rare and endangered species of loess
steppes can also find refugia in roadsides: Salvia nutans, Oxytropis pilosa, and Sternbergia colchiciflora (panels g, h, i, respectively) in Hungary. Photo

credits: Attila Molnar V.

remnants of native grassland vegetation along the
roadsides are less abundant but indeed act as important
reservoirs of biodiversity, especially in agricultural or
urban landscapes [11—13], and potentially provide safe
havens for several protected species [14,15] (Figure 1).
Because these areas are usually not fertilized, they often
harbor less competitive native species. Because of the
intensification of agricultural, industrial, and urban
development, grasslands are being plowed, built upon,
or afforested at an alarming rate in many regions,

implying that the role of roadsides in providing safe
havens for grassland species will become even more
important in the future [15,16]. Roadsides play an
essential role in maintaining landscape-scale ecological
processes and ecosystem services [17,18] (Appendix 2).
Considering the abovementioned importance of near-
natural grasslands on roadsides, their restoration can
result in several positive outcomes, especially consid-
ering that roadsides are among the most accessible op-
tions for establishing green infrastructure [19]. They
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Special characteristics of roadside environments. Concrete elements used for erosion control prevent the establishment of native plant species on
roadsides (panel a). Regular mowing of roadside verges prevents shrub encroachment but also decreases the reproductive success of grassland-
specialist forb species (panel b). These species have better reproductive success next to light-reflecting columns, that are protected from mowing (panel
c). The use of de-icing salts supports the establishment of halophyte plants on roadsides, including native species of alkaline grasslands, such as
Limonium gmelinii subsp. hungaricum (panel d), Podospermum canum (panel e), and species originating from distant seashore regions, such as
Cochlearia danica (panel f). Roadsides often form a continuum with surrounding habitats and can enjoy protection from overgrazing (panel g). Affor-
estation of roadsides with non-native woody species represents a major threat for the remnant grassland vegetation (panel h). Roadsides are corridors for
the spread of invasive alien species, such as Lupinus spp. (panel i). Photo credits: Attila Molnar V. (panels a—g), Szabolcs Kis (panel h), and Réka Fekete

(panel i).

provide an opportunity to establish high-diversity land-
scape features, in line with the objectives of the EU
Biodiversity Strategy [20], and to improve the connec-
tivity of natural habitats in cleared and trans-
formed landscapes.

Roadsides represent a unique and harsh environment
that is different in many aspects from natural habitats

(Figure 2). The use of roads and the maintenance of
roadsides are associated with frequent and severe dis-
turbances that shape roadside environments [3]. Several
biotic, edaphic, and microclimatic factors act as strong
environmental filters that hinder the establishment of
target plant species on roadsides. Traffic is a major
source of pollution, including NOy deposition from ve-
hicles [3]. This, coupled with the role of vehicles in the
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seed dispersal of invasive alien species [21], makes
roadsides hotspots for plant invasions. The disturbance
related to road use and maintenance facilitates the fast
spread of these species [3] and fosters rapid colonization
of new areas, which presents a great challenge for the
establishment of native target species on roadsides [22].
Roadsides often have unstructured and degraded soil,
which due to its compactness hampers the establish-
ment of several plant species [3]. Maintenance of roads
involves the use of deicing salts, which, together with
compacted soil, provide suitable establishment condi-
tions for several salt-tolerant or halophyte species
[23,24] and hinder the establishment of salt-intolerant
plants in the vicinity of the road edge. Gradients in
disturbance, microtopography, and microclimate are
major drivers of roadside vegetation composition.
Therefore, despite being narrow structures, there is
often a vegetation zonation from the road edge to the
neighboring habitat [25]. There may be large differ-
ences between the microclimate on the north- and
south-facing slopes of the roadsides. Steep south-facing
slopes provide an extremely harsh environment that can
be further aggravated by the aridity of the macroclimate
and by ongoing climatic changes [26].

The above examples illustrate that roadsides are
different from non-roadside areas in many aspects, so
restoration guidelines need to be fine-tuned for this
specific environmental context [27]. Microsite prepa-
ration measures including erosion control, substrate
amelioration, and surface roughing techniques [28] that
are often necessary to improve the habitat conditions on
roadsides so that the sown or spontaneously incoming
propagules can have a chance of germination
and establishment.

The primary function of roadsides is related to trans-
portation; therefore, roadside restoration projects must
be planned in accordance with traffic safety and road
network functionality [29]. Road managers have their
own priorities regarding the timing and costs, as well as
manpower and machinery available for interventions,
and they also have their own preferences for the type
and structure of the roadside vegetation. Therefore, it is
crucial to evaluate current roadside revegetation prac-
tices and identify trade-offs and synergies between
biodiversity conservation and road management (see
Section Trade-offs and synergies).

Current practices in roadside revegetation

Several best practices and case studies are available on
the restoration of near-natural grasslands on roadsides.
However, these are considered in roadside revegetation
projects (aiming to establish permanent vegetation
cover on roadsides without specific biodiversity conser-
vation preferences) only in certain regions, such as parts
of Europe and North America [30]. A shift would be

Box 1. Knowledge gaps and research needs

The ecological basis for the selection of the suitable target species is well established (Box 2), and there is a large technological development regarding the application of different roadside

restoration practices [28]. However, there are some major knowledge gaps related to the long-term sustainability and performance of restored vegetation. Some of the research areas which we

consider the most important in the future are listed below.

<% There is a geographic bias toward temperate regions in the research of roadside restoration; thus, studies in other regions would be needed.

< There is a taxonomic bias in studies on roadside restoration as most of them focus on established plant species, or some flagship animal groups such as pollinators and birds, but studies on

other taxa are scarce. Multitaxon studies, involving less studied animal groups and soil microbiota, would be essential for a comprehensive evaluation of restoration success and

ecosystem functioning.
< There is very little knowledge about the long-term vegetation development in roadside restoration. Long-term studies and chronosequence analyses would be necessary to evaluate the

development of the vegetation, as well as the ecosystem services and functions on restored roadsides.

More studies would be needed on ecosystem services provided by restored roadsides to provide evidence and encouragement for decision-makers and site managers to apply biodiversity-

S

friendly practices. Detailed cost-benefit analyses are necessary to better understand the practical applicability of nature-based solutions in roadside restoration. There is also a lack of studies

on the spillover of ecosystem services from restored roadsides toward adjacent areas.
< Studies should carefully assess whether there is a threat of creating ecological traps when restoring roadsides. Is there a width threshold that is needed to buffer the negative environmental

effects of roads or adjacent hostile habitats on the restored roadside ecosystem? In addition, research should address how the proper design of roadside vegetation can decrease the chance

of animal-vehicle collisions.
Roadside environments are expected to be increasingly influenced by climate change, increased traffic, and intensified land use in neighboring habitats. How do these drivers alone or in

It is necessary to understand how to make roadside restoration more practical and widespread in practice. This involves the need for multidisciplinary studies based on the cooperation of
interaction affect the trajectory of roadside vegetation assembly, and how can restoration measures be adapted to cope with the changing environment?

roadside managers, social scientists, economic experts, and ecologists.

K3
<
<
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Box 2. Selecting native target species for roadside restoration

To select the best native species for roadside restoration, several aspects must be considered, including the environmental conditions of the
roadsides and the presence of particular microsites along the roadside slopes, plant traits that make species able to establish and survive, and the
distribution range and availability of the target species. In revegetation projects, commercial seed mixtures are widely used. These mixtures can
perform sufficiently in temperate and humid macro- and microclimate (typical to north-facing slopes) and on less compacted soil, but they are less
adequate in arid climates (mostly typical on south-facing slopes) and on silty or clayey soil [45]. In the latter harsh environments, the establishment
success and persistence of plants seeded by commercial seed mixtures are usually low [26]. To overcome the challenge posed by the co-
occurrence of contrasting environments, the application of well-tailored, adaptive seed mixtures can be a feasible solution. In practice, road
managers would need to be given a set of key different restoration options (e.g., seed mixtures recommended for south-facing and north-facing
road slopes in a biogeographical region) that they can use, depending on the local context.

Using a trait-based approach, under the Mediterranean climate, using fast-growing competitor species with high specific leaf area on milder north-
facing slopes has been suggested [46]. On south-facing slopes, the use of plants tolerating high environmental stress was recommended; the
most successful candidates were species whose seeds are resistant to removal by water runoff and those that have a mucilaginous seed coat that
provides resistance to drought. On steep slopes, especially on south-facing ones, the ability of plants to control erosion should also be considered
[47]. In a boreal region, the use of species with low stature, widespread above- and belowground parts, a perennial life-cycle, and drought-tolerant
properties, has been recommended [25].

To select the best candidates for grassland restoration, ecologically adapted native species from the regional species pool should be considered
when possible. An option is to select candidates from the species pool of the environmentally similar habitats in the region [48]. Another option is
to select candidates from native plants that naturally occur on roadsides [25,49]. Several studies highlight the great capacity for natural colo-
nization of roadside slopes by spontaneous succession from surrounding areas, suggesting a potential for passive recovery [30,31,50].
Therefore, the maintenance of well-conserved natural areas close to the roadsides can enhance plant compositional changes toward the desired
states in recovering roadsides [26]. The composition and quantity of seed mixtures should fit into the landscape context: more diverse seed
mixtures and higher sowing density are needed in cleared and transformed landscapes that lack propagule sources for spontaneous coloni-
zation [31,51].

Native generalist species such as Medicago minima, Festuca pseudovina, Salvia verticillata, and Sanguisorba minor (from left to right) can be
suitable candidates for roadside revegetation. Photo credits: Attila Molnar V.

needed to prioritize multifunctional, near-natural road-
side grasslands composed of native species in most re-
gions of the world. To achieve this goal, the available
best practices for their restoration and management
should be applied, and important knowledge gaps
should be addressed (Box 1).

One of the most widely used methods in roadside
revegetation is the hydroseeding of commercial mix-
tures that are mainly composed of highly competitive
forage grasses and legumes non-native to the areas [26].
Commercial seed mixtures are widely available, but
perform much worse than regional native seed mixtures.
Especially under harsh macro- or microclimate, com-
mercial species often fail to establish or do not provide a
sufficient and permanent vegetation cover and fail to

provide erosion control services without the expensive
use of fertilizers and irrigation [26,31]. Thus, a shift
from commercial seed mixtures toward tailor-made
regional native seed mixtures would be essential (see
Box 2). The proper selection of target species can sup-
port the delivery of particular functions. For instance,
the frequency of animal-vehicle collisions can be
decreased if short native plants that are not palatable or
not attractive to large mammals are used [32].

Trade-offs and synergies

As resources are limited, there is a trade-off between
biodiversity and cost-effectiveness in roadside revege-
tation programs. The propagules of native species are
often expensive or have limited availability in many

www.sciencedirect.com

Current Opinion in Environmental Science & Health 2023, 34:100490


www.sciencedirect.com/science/journal/24685844

6 Environmental Impact Assessment: Nature based solutions

regions [33]; therefore, in practice, it is often only
possible to use a limited number of native species.
Native species that are adapted to the site conditions
can provide and maintain a permanent vegetation cover;
therefore, it improves water infiltration, reduces soil
erosion and deflation, as well as can mitigate the
encroachment of invasive alien species. Therefore,
when a high species richness cannot be achieved, the
use of a moderate number of native species can provide
the required ecosystem functions and be a more feasible
option than the use of commercial seed mixtures.

There are also trade-offs regarding the habitat quality of
restored grasslands. As roadsides are narrow and fragile
ecosystems adjacent to the hostile environment of roads,
creating ecological traps should be avoided. The trade-
off between improved habitat quality for animals and
increased risk of animal-vehicle collisions should be
considered [34]. Also, road manager authorities usually
prefer not to have rare organisms on roadsides, as these
can result in serious legal impediments for maintenance
work and road widening.

In addition to trade-offs, there are also synergies be-
tween the objectives of road managers and restoration
ecologists. Near-natural grasslands with low mainte-
nance frequency and low to medium sward height
represent an ideal vegetation type for both stakeholder
groups. In such vegetation, maintenance costs can be
reduced, and traffic safety can be improved: improved
visibility of animals reduces the chance of animal-
vehicle collisions on grassy roadsides and branches fall-
ing from trees do not represent traffic safety issues there
[18]. Grasslands on roadsides can provide permanent
vegetation cover and decrease the rate of erosion or
deflation, which also contributes to the safety and
functionality of road networks.

Conclusions and implications for practice

The extent and expansion of global road networks imply
the need for large-scale roadside revegetation projects,
which offer a possibility of restoring near-natural grass-
lands on roadsides. The available evidence shows that
preserving and restoring near-natural grasslands on
roadsides can have several positive outcomes that go
beyond the local scale [18]. It is clear, however, that
grassland restoration is not plausible on all roadsides,
because of several social and economic challenges, spe-
cific site conditions, or the lack of native propagule
sources. The combination of stakeholder surveys, GIS
methods, and mathematical modeling can support
spatial planning and prioritization [35]. Restoring road-
sides in and around protected areas and other high
nature value sites should be prioritized [36]. They could
also serve as an effective mitigation measure against the
infiltration of invasive alien species into protected areas.

In addition to assigning roadside sections for grassland
restoration, inventory and conservation of the existing
remnant high nature value habitats on the roadsides are
also an important task [12,37,38]. Special emphasis
should be given to old, historical verges which usually
hold the highest biodiversity [12]. At these sites, early
detection and control of invasive alien species are
especially important.

Facilitating discussion and cooperation between ecolo-
gists and agencies responsible for roadside vegetation
management would be crucial. It is important to under-
stand the attitudes of stakeholders and decision-makers’
and their perceived benefits and barriers to near-natural
grassland restoration and management on the roadsides
[39]. Additionally, more effective knowledge transfer to
stakeholders and decision-makers is necessary about the
importance and benefits of restoring near-natural grass-
lands along roadsides. A study involving lowan decision-
makers showed that those decision-makers who regularly
consulted with a roadside vegetation manager were more
open to choosing biodiversity-friendly management
practices and valued the positive outcomes on pollinators
and wildlife more [39]. Brochures and information ma-
terial about choosing the proper native species for
introduction and about biodiversity-friendly roadside
management practices are also much needed. Since
roadsides are usually state-owned, engaging decision-
makers is crucial. It is an advantage that the restoration
of these areas is often possible without negotiations with
multiple owners [40].

Increasing regional capacities for native seed production
would be a much-needed step forward in the transition
to using nature-based solutions in roadside restoration
[33,41]. This support would be essential for making
native seed mixtures an available and affordable alter-
native to commercial mixtures. The application of seed
enhancement technologies, such as seed priming and
seed coating, could considerably improve the estab-
lishment of sown target species affected by harsh envi-
ronmental conditions typical of roadsides, but to
evaluate the potential of these, studies would be needed
to upscale the most promising technologies [42].

After restoration, maintaining regular mowing manage-
ment to remove biomass and prevent succession to
forests [27] 1s of vital importance. In general, the
application of an intermediate mowing frequency, fitted
to the regional climatic and landscape context, is
recommended. Reduction of mowing frequency can save
costs and can reduce traffic jams typical during such
operations and can also support higher biodiversity
compared to unmown and too frequently mown areas
[43]. In areas specifically dedicated to biodiversity
conservation, management measures must be
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harmonized to meet the requirements of different
species groups [44].
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