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ture habitats: road verges and power line corridors. We analysed the effects of time
since habitat establishment and the amount of surrounding grassland cover in different
time periods on species richness of the three taxa. Our results suggest a long time lag in
the establishment of plant species in novel grassland habitats, with richness of butter-
flies and bumblebees largely dependent on the richness of plant species. There was no
direct relationship between habitat age and the richness of butterflies or bumblebees,
but we found unexpected legacy effects of grassland area on present-day species rich-
ness. Higher richness of bumblebee species in road verges located in landscapes with
larger surrounding grassland cover in the past is most likely a consequence of those
landscapes containing a mosaic of afforested and abandoned grassland habitats today.
Furthermore, we found that power line corridors might be important replacement
habitats for butterflies in landscapes with little other grassland area left. Provided that
road verges and power-line corridors are managed appropriately, our results show that
their species richness can be expected to increase in the future.
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Introduction

Semi-natural grasslands that have been managed through low-intensity grazing or
mowing for centuries host diverse plant and insect communities and are one of the

most species rich habitats in Europe (Cousins and Eriksson 2002, Wilson et al. 2012).
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However, starting around the turn of the 20th century, inten-
sive agriculture displaced traditional management across the
continent (Eriksson et al. 2002). Improved farming methods
including artificial fertilizers and the increased production of
ley and grain on fields led mainly to the abandonment of
many semi-natural grasslands or to their conversion to for-
est (Eriksson et al. 2002, Cousins et al. 2015, Auffret et al.
2018). Yet at the same time as historical grasslands have been
lost, new grassland habitats are emerging along linear infra-
structure. These managed, open areas along roads, railways
and power line corridors have gained attention as potential
replacement habitats for species suffering from the loss of tra-
ditionally managed semi-natural grasslands (Berg et al. 2016,
Phillips et al. 2020, Vanneste et al. 2020). Such habitats are
largely kept open for safety reasons, but the resulting open
vegetation provides grassland habitats that at least to some
extent resemble traditionally managed semi-natural grass-
lands (Gardiner et al. 2018). Road verges provide habitat for
grassland specialist plants (Vanneste et al. 2020) and act as
hotspots of pollinator diversity (Phillips et al. 2020). Both
road verges and power line corridors can sustain a richness and
abundance of bumblebees comparable to semi-natural grass-
lands (Hill and Bartomeus 2016), and power line corridors
can even be a source habitat for butterflies (Berg et al. 2016).
As these habitats cover large areas, they provide an opportu-
nity to preserve grassland biodiversity in human-dominated
landscapes (Wojcik and Buchmann 2012, Gardiner et al.
2018). However, it is unclear whether these novel grassland
habitats have had the time to accumulate a diversity similar
to that in their older counterparts, and whether this accu-
mulation depends on the amount of core habitat in the sur-
rounding landscape, particularly with regard to interactions
between plants and pollinators.

Changes in local land use, management, or connectivity
to other habitat patches in the landscape can alter diversity
accumulation and structure in both the short and long term.
Although some changes such as habitat loss or degradation
can immediately affect local diversity, the full response to
change is often apparent after a delay, resulting in an extinc-
tion debt (Kuussaari et al. 2009). This can be either because
individuals and local populations persist for some time even
after local conditions have become unsuitable, or because
metapopulations can survive long after the balance between
local extinctions and (re)colonisations is altered (Hanski and
Ovaskainen 2002, Hylander and Ehrlén 2013). This land-
scape legacy effect has for example been observed for plants
and butterflies, where current diversity was better explained
by historical than by present cover and connectivity of semi-
natural grasslands (Bommarco et al. 2014). The time lag in
local extinction of species that are not in equilibrium with
their environment implies a future decline of diversity even
if current environmental conditions remain stable (Jackson
and Sax 2010, Bommarco et al. 2014). Time lags can also
occur in the assembly of target communities following habi-
tat creation or restoration, such that there is a colonisation
credit (Watts et al. 2020). The successful (re-)colonisation by

target species is broadly determined by the ability of species
to disperse to, and establish in, new habitat patches (Hanski
1999). This in turn is often limited by landscape factors,
because the amount and configuration of nearby habitat can
determine how easy a species can move in space (Tischendorf
and Fahrig 2000). As such, species diversity can be expected
to increase when connectivity between habitats increases
(Damschen et al. 2019), and this has broadly been shown in
novel habitats such as road verges and power line corridors
(Lampinen et al. 2018, Auffret and Lindgren 2020).

Responses to landscape composition and configuration
vary across taxonomic groups — grassland specialist plants
— whose effective dispersal relies almost entirely on external
factors such as landscape connectivity and presence of dis-
persal vectors — often exhibit very slow colonization rates,
especially in fragmented landscapes with little suitable habi-
tat (Helsen et al. 2013, Auffret et al. 2017¢c, Damschen et al.
2019). Mobile species with short generation times, such as
flying insects, are often able to react more rapidly to habitat
changes (Kuussaari et al. 2009), and hence their diversity is
more likely to already be in balance with the current landscape
connectivity (Krauss et al. 2010). Nonetheless, herbivorous
and pollinating insects depend on the sufficient availabil-
ity of certain plants. This dependence on plant community
responses means that pollinator arrival to a new habitat may
be indirectly delayed (Krauss et al. 2010). Hence, time since
habitat establishment and the amount of surrounding source
habitat are likely to be important drivers for the species accu-
mulation in novel grassland habitats, especially for grassland
specialists. However, studies on landscape legacy effects on
plant and insect diversity in linear infrastructure habitats are
limited and conflicting. Auffret and Lindgren (2020) found
no effect of either historical or current surrounding grassland
cover on plant richness in road verges. In power line corri-
dors, historical connectivity to grassland habitats was shown
to increase the richness of plant species, but there is less evi-
dence of a relationship between historical or current connec-
tivity and butterfly richness (Lampinen et al. 2018).

In this study, we investigated the effects of historical land
cover and habitat age on species accumulation of vascular
plants, butterflies and bumblebees in novel grassland habitats
along roads and power line corridors. We ask 1) if increasing
habitat age leads to a local species accumulation of vascular
plants overall and grassland specialist plants especially, and
2) if habitat age affects faster dispersing taxa such as but-
terflies and bumblebees. Considering present and historical
land cover, we also ask 3) how the surrounding grassland
cover from the past or the present affects local species rich-
ness. Since we lack sufficient knowledge on how historical
or current land cover affects species accumulation, we used
a combination of ecological model formulation approaches
and statistical optimization methods to find the most rele-
vant predictor variables for each taxon. Also, by investigating
plants and flower-visiting insects in the same study design, we
were able to assess how these interacting species groups react
to the establishment of novel infrastructure habitat.
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Material and methods

Study area

To select study landscapes, we first created 2 X 2 km landscape
grids over the counties of Uppsala, Stockholm, Sédermanland
and Vistmanland in Sweden and selected landscapes that were
dominated by forest (45.2-81.2%) and had a gradient in the
cover of semi-natural grasslands (0.8-9.9%) (Supporting
information). Additionally, we filtered for contrasting road
densities (low density: average of 4.9 km, high density: aver-
age of 16.3 km), and presence (n=16) or absence (n=16) of
a power line corridor of at least 1 km length and surrounded
by forest. This allowed us to select 32 landscapes (i.e. grids
of 2 X 2 km) with contrasting road density, presence versus
absence of power line corridors, and a gradient in the area of
semi-natural grasslands (Ddniel-Ferreira et al. 2020). We pre-
viously used this study design to describe effects of the pres-
ence or absence of power line corridors and road density on
landscape scale diversity of plants, butterflies and bumblebees
(Déniel-Ferreira et al. 2020), and on the differences of alpha
and beta diversity of the species groups between the different
habitats (Ddniel-Ferreira et al. 2023). For the current study,
we used a subset of this data, i.e. from one road verge along
a small gravel road, one road verge along a larger paved road
and one power-line corridor (in the 16 landscapes with power
line corridors present) within the 32 landscape grids. We did
not include road density, since this information was only
calculable for the present but not the historical landscapes.
From each of these habitats, we used data on the diversity of
plants, butterflies and bumblebees, collected in in 2016.

In the study region, power line corridors are managed
by clearing shrubs and young trees every eight years, hence
maintaining an early-successional vegetation. The power line
corridors in our study had been cleared between 0 and 6
years prior to the biodiversity surveys, with a median of 2.5
years for all power line corridors. The power line corridors
were between 28 and 95 m wide, with an average width of
39.9 m. Road verges in Sweden are typically mown once or
twice per year and cuttings are usually not removed. All road
verges were at least 1.5 m wide. Verges along gravel roads had
a maximum width of 5 m and an average width of 2.8 m, and
verges along paved roads had a maximum width of 5.5 m and
an average width of 2.9 m.

Plant and insect surveys

In each study site, we separately surveyed plants, butterflies
and bumblebees along a 200 m long transect. For the plants,
we placed four 1 X 1 m plots along each transect, separated
by a distance of 50 m. In every plot, we recorded the presence
or absence of all plant species from a pre-defined list of 169
species, all of which are frequently occurring in various types
of grassland habitat in the study region. The list contained
the absolute majority of the species present across all sites.
The plant inventory was carried out once per site between
13 July and August 24 in 2016. Walking slowly along the
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same transects, we identified and counted all butterflies and
burnet moths (Zygaenidae; from here on included in ‘but-
terflies’) within 2.5 m to each side and 5 m to the front of the
observer. For narrower road verges, we counted all individu-
als along the transects. Burnet moths are diurnal and were
included among butterflies because they have similar habitat
requirements. We surveyed bumblebees along the same tran-
sects but within 1 m to each side and to the front. We caught
and identified individuals in the field if possible or collected
and identified them in the laboratory. No bumblebee queens
were collected to avoid impacts on respective populations. We
surveyed butterflies and bumblebees each four times per site,
between 1 June and August 23 in 2016. To avoid observer
bias, the surveyors inventoried all habitats and to reduce bias
due to activity patterns of the insects during the day, the
order of sites visited on the same day was randomized. The
surveys were only conducted on days with dry vegetation,
temperatures above 17°C when sunny and above 20°C when
cloudy and only between 10:00 and 16:00 h.

For butterflies and plants, we calculated the richness of
grassland specialists and the total richness of all species,
according to the classifications in Ockinger et al. (2012).
Any species that occurred in our study but were not included
in this list were classified according to our knowledge
(Supporting information). Because bumblebees forage in a
wide range of habitat types, we did not attempt to classify
them into grassland specialists and only calculated total rich-
ness (Supporting information).

Current and historical land cover

We used maps of two time periods to calculate current and
historical grassland cover, in a 2 km radius around each of the
surveyed road verges and power line corridors (Fig. 1). Previous
studies found effects of historical land cover on the 2 km scale
on the studied taxa in semi-natural grasslands (Lindborg and
Eriksson 2004, Krauss et al. 2010, Bommarco et al. 2014).
Creating individual buffers around each study site meant that
buffers included land outside of the initial landscape grids, but
allowed us to get site-specific estimates of current and histori-
cal land cover in the respective surroundings. Buffers around
the three habitats within each landscape grid overlapped,
and in two cases buffers around the same habitat type of two
separate landscape grids overlapped (with 7.1 and 12.2%; see
below for how this was accounted for in the analyses). For the
historical land cover, we used published digitisations of the
1940s-1960s Swedish Economic Map (Ekonomiska kartan,
hereafter ‘1950s map’) (Auflret et al. 2017a,b). Digitisations
show land cover in four categories at a resolution of 1 m;
arable, forest, grassland (mostly consisting of semi-natural
grassland habitat, but also includes other open land cover
types, such as wetlands and urban land uses; cf. Auffret et al.
2018) and surface water. For the current land cover, we used
the National Land Cover Database (Nationella markticke-
data) showing land cover data of Sweden from 2017 to 2019
(Naturvardsverket 2020) (hereafter 2017 map’). This data-
base classifies Sweden into 25 categories of land cover (of
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v

Figure 1. Overview of the four maps used to assess linear infrastructure habitat age and grassland cover in a 2 km buffer (represented) in
different time periods. Pictures of maps show the original; the 1950s map was digitised and the land cover categories of the 1950s and 2017

map were reclassified before analyses.

which 16 are various types of forest) at a resolution of 10 m.
These more detailed land cover types were grouped to fit to the
four broader land cover types of the 1950s map (Supporting
information), while we aggregated and resampled (nearest
neighbour) the pixels in the 1950s map to match the grid of
the 2017 map in R (package ‘raster’: Hijmans et al. 2022,
www.r-project.org). We then created a 2 km buffer around
the start coordinates of the transects used in the diversity
survey (package ‘rgdal’: Bivand et al. 2021a, package ‘rgeos”
Bivand et al. 2021b), calculating the proportion of grassland
within each buffer at each time period. Because the 2017 map
does not differentiate species-rich semi-natural grassland from
other grassland types, we additionally calculated the propor-
tion of pixels within each buffer that was classified as grassland
both in the 1950s and in the 2017 maps (hereafter ‘continu-
ous grasslands’).

Habitat age

To define the age of the studied linear infrastructure habitats,
we used four points in time (Fig. 1). In addition to the two
maps we used for the land cover calculations (from the 1950s
and 2017), we also used two other non-digitised sources:
geo-referenced aerial photographs, taken between 1970 and
1976 (‘1970s map’), and a historical map created between
1859 and 1911 for our landscapes (Hiradsekonomiska kar-
tan, ‘1900 map’). We manually examined in which map a
respective contemporary infrastructure habitat appeared for
the first time and grouped all respective habitats into four cat-
egories corresponding to the four points in time (Supporting
information). Some roads changed course slightly over time,
but were categorised as present if the majority of the stretch
overlapped. We have no knowledge on the exact manage-
ment history of our road verges, but assume that the veg-
etation has always been kept relatively open. Furthermore,
although the time periods between available maps and aerial
photographs differ in their distance, the points in time repre-
sent relevant time periods for the land use change in Sweden
(Eriksson et al. 2002, Cousins et al. 2015) and the creation

and expansion of power line corridors and road networks. All
map sources except the 1900 map were geo-referenced and
the habitats were examined using QGIS ver. 3.10 (QGIS.org
2020). For the 1900 map, we manually located the contem-
porary habitats using unaltered landmarks.

Data analysis

Statistical approach

We investigated the effects of habitat age and surrounding
grassland cover on the richness of plants (total richness and
number of specialist species), butterflies (total and special-
ists) and bumblebees (total only) in two prevalent grassland
habitats: road verges and power line corridors. Given their
relevance to our questions, habitat age and surrounding
grassland cover were fixed predictors in all models. Because
landscape grassland cover from different time periods can
have smaller or larger effects on species richness in novel
habitats depending on the infrastructure habitat and taxon
in focus (Lampinen et al. 2018, Auffret and Lindgren 2020,
Daniel-Ferreira et al. 2020), we wanted to include the most
relevant landscape predictor (surrounding grassland cover
in 1950s, 2017, or continuous) in each of our ten models.
These values were non-independent and correlated (highest
|Tpeuronl = 0.77, Supporting information), and so we used a
statistical approach using single-predictor models to select
which grassland cover was the best predictor for each species
group in each habitat.

Single-predictor models

We built a suite of single-predictor GLMs to determine the
predictive power of each of the three candidate grassland
cover variables individually for each of the five species groups
in the two novel habitat types (cf. Auffret et al. 2018, total 30
models; Supporting information). Within each species group-
habitat combination, we calculated the R squared value for
each model (package ‘rsq’: Zhang 2021, www.r-project.org),
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with the surrounding grassland cover measurement explain-
ing the most variation in species richness in each case being
selected for the final model. Since insect richness can depend
on plant species richness, for each of the insect models we
included either grassland specialist or total plant richness as
a potential predictor variable. Because these were also highly
correlated (|r,,,...| between 0.90 and 0.95; Supporting infor-
mation) we also created single-predictor GLM:s to determine
which plant richness variable had a higher predictive power
for the respective insect groups within each habitat type (six
models; Supporting information).

Full models

We created ten full models, which had total or grassland
specialist richness of our three species groups in the two
infrastructure habitats as a response variable. All models had
the following fixed predictor variables: 1) habitat age and 2)
surrounding grassland cover as determined from the single-
predictor models. All insect models also included 3) total
or grassland specialist plant richness as determined from the
single-predictor models. To account for spatial autocorrela-
tion, we calculated the Moran’s I autocorrelation coefficient
using an inversed distance matrix (package ape: Paradis and
Schliep 2019, Supporting information). For models includ-
ing spatially autocorrelated data (i.e. where Moran’s I was
significant at the 0.05 level), we therefore included 4) the
first axis of a principal coordinates of neighbour matrix
(PCNM) as an additional fixed predictor variable (pack-
age ‘vegan’: Oksanen et al. 2020). Road verge models also
included 5) the type of road (gravel or paved), as well as
a random effect for landscape identity, since each study
landscape contained two road verge study sites (one of each
type). Gravel roads were mostly younger than paved roads,
but there was no correlation between road type and habitat
age. Models for power-line corridors were generalised linear
models (GLM), while for road verges we used a generalised
linear mixed modelling approach (GLMM) due to the ran-
dom effect for landscape identity.

Model selection

All ten models were built as a full model with all relevant
predictor variables, before we performed a backwards model
selection to determine the best-performing model. 1) Habitat
age and 2) surrounding grassland cover were set as obligatory
fixed factors, as well as 3) the PCNM if applicable. There
was no collinearity among the final predictors that could
be expected to considerably interfere with model selection
or prediction in any of the models (highest |r,,..|=—0.53
and 0.25) (Dormann et al. 2013, Supporting informa-
tion). We used the Akaike information criterion for small
sample sizes (AICc) to select the final predictors for every
model and to test for the importance of two-way interaction
effects between all variables (package ‘MuMIn’: Barton 2022,
Supporting information). However, due to model conver-
gence issues, interactions between 2) surrounding grassland
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cover and 5) road type and between 1) habitat age and 5)
road type were excluded. If multiple models were selected
with AICc < 2, we chose the model with the lowest AICc.
For the final models, we conducted model diagnostics using
fitted versus residual plots, Q-Q plots (‘stats’ package: base R,
www.r-project.org) and additional overdispersion tests (pack-
age ‘performance’: Liddecke et al. 2021). To account for over-
dispersion when needed, we included an observation-level
random effect, and for under-dispersed data we used mean-
parameterized Conway—Maxwell-Poisson distribution (pack-
age ‘glmmTMB’: Brooks et al. 2017). For the final models
we conducted pairwise comparisons for each combination of
habitat age categories, using Tukey-adjusted p-values (pack-
age ‘emmeans’: Lenth et al. 2022, Supporting information).

Results

Opverall, we recorded 121 plant species of which 70 were clas-
sified as grassland specialists, 49 butterfly species including
22 grassland specialist species, and 18 bumblebee species
(Supporting information). The cover of surrounding grass-
land in the 1950s varied between 0.3 and 28.7%, with an
average of 10.5% (Supporting information), while in 2017
there was an overall mean of 15.7% of grassland cover, vary-
ing between 5.1 and 15.7%. Despite this apparent increase,
less than one fifth of the surrounding grassland cover in 2017
was continuous grasslands that already existed in the 1950s
(on average 2.9% of the landscape).

In general, the difference in explanatory power between
the single-predictor models comparing the different grassland
cover variables was quite small (between 0.001 and 0.029,
Supporting information). Nonetheless, in nine out of ten
cases the most informative variable was related to histori-
cal land use, being either 1950s grassland cover or grassland
cover that has been continuous since the 1950s. Butterflies
in power line corridors were the exception to these findings,
with both total and specialist richness showing the most varia-
tion in explanatory power across the single-predictor models.

Plants

The total plant species richness in road verges was on average
47.3% higher along historical roads already existing in 1900
than along roads only established before 2017 (Fig. 2A). For
grassland specialist richness, we found no difference between
road verges of different ages (Fig. 2B). The total and specialist
plant richness was higher along gravel roads than along paved
roads (Supporting information). In power line corridors, the
total plant species richness tended to be higher in habitats
first appearing in the 2017 map than in those already existing
in the 1970s (Fig. 2C). Corridors that already existed in the
1950s had on average 65.8% more specialist plants than those
that first appeared in the 1970s (Fig. 2D). The respectively
selected grassland cover in the surrounding landscapes did not
affect the total or specialist plant species richness, neither in
road verges nor in power line corridors. In the single-predictor
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Figure 2. Effect plots for the relationship of habitat age and the richness of (A) all plant species and (B) grassland specialist plant species in
road verges, and (C) all plant species and (D) grassland specialist plant species in power line corridors. Green dots represent raw data. Black
dots show the predicted value of the estimated mean richness, error bars indicate the 95% confidence interval of the predicted mean. Means
sharing a letter are not statistically different (p < 0.05), asterisk letters show marginal statistical differences (p < 0.07) (Tukey-adjusted pair-

wise comparisons).

analyses, the potential grassland cover variables showed a low
difference in explanatory power (Supporting information).

Butterflies and bumblebees

We found a strong positive relationship between the richness
of specialist plant species and the richness of butterfly spe-
cies in road verges, for both the grassland specialist butterflies
(Fig. 3A) and the total butterfly species richness (Supporting

information). Furthermore, specialist and total butterfly spe-
cies richness were highest in road verges first appearing in
the 2017 map (Supporting information), with around 50%
fewer total butterfly species in road verges from before 1900
and the 1950s than in road verges first appearing in the
2017 map. In power line corridors, there was no relationship
between habitat age and total butterfly species richness or
specialist butterfly species richness. Surprisingly, the number
of specialist butterflies was negatively related to the cover of
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Figure 3. Effect plots for grassland specialist butterfly richness in two different infrastructure habitats, depending on (A) the richness of
specialist plants in road verges and (B) the proportional cover of continuous grassland surrounding power line corridors. Green dots repre-
sent raw data. Black lines show the predicted value of the estimated mean richness, grey areas indicate the 95% confidence interval of the

predicted mean richness.

continuous grasslands around power line corridors (Fig. 3B),
and the total butterfly richness negatively related to the cover
of current grasslands in 2017 (Supporting information). The
difference in explanatory power between potential surround-
ing grassland cover variables was high for power line corridors
but lower for road verges (Supporting information).

A
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Bumblebee richness
D
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Total plant richness in road verges

For bumblebees in road verges, there was a strong positive
relationship with the total richness of plants, as well as with
the surrounding grassland cover from the 1950s (Fig. 4A-B).
We found no relationship between habitat age and bumble-
bee species richness in road verges, but in power line corri-
dors bumblebee species richness was higher in corridors first

(B)
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1950s grassland cover
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Figure 4. Effect plots for the bumblebee species richness in road verges, depending on (A) the richness of total plants and (B) the propor-
tional cover of grasslands in the 1950s in the surrounding landscape. Green dots represent raw data. Black lines show the predicted value of
the estimated mean richness, grey areas indicate the 95% confidence interval of the predicted mean richness.
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appearing in the 2017 map compared to those visible in the
1970s map. The difference in explanatory power between
potential grassland cover variables was low for both habitats
(Supporting information).

Discussion

Our study shows that in general, both habitat age and land-
scape history can be drivers of contemporary species richness
in linear infrastructure habitats. However, the effects dif-
fered between road verges and power line corridors, as well
as among plants, butterflies and bumblebees. We found more
plant species in older linear infrastructure habitats, and road
verges with a higher plant species richness supported higher
numbers of both butterfly and bumblebee species. In power
line corridors, butterfly species richness was driven by land-
scape effects rather than by local resource availability.

Our results provide evidence that the accumulation of
plant species in a novel grassland habitat can take a long
time. In road verges, the overall plant species richness was
higher along historical roads that already existed in 1900
than along young roads that first appeared on the 2017 map,
with intermediate levels of species richness along roads con-
structed in the intervening period. This result concurs with
Auflret and Lindgren (2020), who found plant richness to be
highest in verges along roads that are older than 100 years.
For power line corridors, we found a higher number of spe-
cialist plant species in older habitats, i.e. in those that were
established before the 1950s compared to before the 1970s.
Lampinen et al. (2015) also found that specialist plant species
richness increased with power line corridor age, even when
looking back < 50 years. Due to the construction of electric-
ity networks mainly in the 20th century, it was unfortunately
not possible to study the relationship between plant species
richness and landscape composition further back in time. It
should be noted that even though the time periods between
the maps were of different length, this does not affect our
main conclusions, since our aim was not to quantify the exact
length of time lags in species accumulation. For semi-natural
grasslands, the positive effects of long-term continuous man-
agement of mowing or grazing on plant diversity are well-
established (Cousins and Eriksson 2002, Gustavsson et al.
2007, Eriksson 2013). Although we have no knowledge on
the exact management history of our infrastructure habitats,
we assume that the vegetation has always been relatively open,
and that the long-term, low-intensity management of road
verges has benefitted plant richness. Based on our results, we
expect that plant species richness will further increase with
advancing time since establishment of linear infrastructures,
if current conditions remain. However, it may take over a
century to see significant differences.

We found no relationship between continuous or historical
grassland cover on plant species richness in linear infrastruc-
ture habitats. Nearby grasslands could in theory act as source
habitats for colonization to novel habitats (Helsen et al.
2013, Damschen et al. 2019), while high levels of historical

grassland cover might indicate the existence of remnant com-
munities despite losses in core habitat (Lindborg and Eriksson
2004, Scherreiks et al. 2022). However, < 3% of the land-
scape surrounding our infrastructure habitats consisted of
grassland habitat that has existed since the 1950s. This could
help explain why the increase of plant species richness in the
studied infrastructure habitats is slow, and raises the question
of whether a larger area of continuously available high-quality
grassland in the surroundings would enable a more efficient
colonization of road verges and power line corridors. It is pos-
sible that the assembly of grassland communities in our study
habitats was based on low-frequency long-distance dispersal
events that could not be predicted by the landscape immedi-
ately surrounding the target site (Trakhtenbrot et al. 2005).

From a community-assembly point of view, it was surpris-
ing that the total plant richness tended to be lower in power
line corridors established before the 1970s than pre-2017.
Nonetheless, this was not the case for grassland specialists,
and we can only speculate that this might be due to a decline
in species adapted to forest conditions that existed before
the creation of the corridors. Although all studied power
line corridors are currently surrounded by forest, several
of them had previously been pastures that were later affor-
ested, a common trend in Swedish landscapes (Cousins et al.
2015). Previous work has indicated that relatively high rich-
ness in some power line corridors could be the result of time-
lagged extinctions from previous land uses (Lampinen et al.
2018), and that power line corridors might even contribute
to the maintenance of landscape-scale grassland biodiversity
(Déniel-Ferreira et al. 2020). These findings and the results of
our study highlight the importance of older power line cor-
ridors and their appropriate vegetation management, in order
to retain the plant species in the long term.

By combining plants, pollinators and herbivores in the
same study, we were able to assess how these interacting spe-
cies groups react to land use changes. In road verges, the num-
ber of butterfly and bumblebee species were positively related
to the richness of plant species. Other studies have found
that road verges can support an abundance and richness in
both flowers and pollinators comparable to or higher than in
semi-natural grasslands (Phillips et al. 2020). In our study,
the overall and specialist bucterfly richness increased with
the number of grassland specialist plant species, which likely
reflects the presence of a range of nectar and host plants. This
relationship between the plant and butterfly richness was also
found by Ekroos et al. (2013). Thus, we can expect that road
verges with a higher richness of specialist plants can support
more butterfly species with diverse requirements. Bumblebee
species richness was positively related to total plant species
richness, probably because bumblebees respond to the gen-
eral availability of various forb species (Steinert et al. 2020).
This is supported by the observation that road age was not
a significant predictor for bumblebee richness, even though
total plant richness increases with age. We also found that the
number of bumblebee species in road verges positively relates
to the proportion of grasslands from the 1950s. Swedish
landscapes previously dominated by open habitat have
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undergone a large-scale increase in forest cover and abandon-
ment of grasslands (Cousins et al. 2015, Auffret et al. 2018).
We therefore suspect that landscapes that had a larger area
of grasslands in the past are composed of a mosaic of higher
forest cover and different-aged, abandoned grasslands today,
and that this heterogeneous landscape promotes bumblebee
diversity (Rundlof et al. 2008).

Butterfly and bumblebee species richness were surpris-
ingly high in young road verges and power line corridors.
We suggest that this means that butterflies and bumblebees
can colonize infrastructure habitats relatively fast, if the local
conditions are suitable. All roads in the youngest age class
were gravel roads and all but one were dead-end roads lead-
ing into forests. Such forest roads typically have very low
traffic intensity and are managed less intensively than larger
roads, both of which could have a positive effect on insect
diversity (cf. Berg et al. 2011, Dédniel-Ferreira et al. 2022).
In addition, grassland plant richness was higher along gravel
roads than along paved roads, so the resource availabil-
ity was probably higher (cf. Munguira and Thomas 1992,
Saarinen et al. 2005).

In contrast to our expectations, total and specialist but-
terfly richness in power line corridors were negatively related
to the proportion of current and continuous grassland in the
surrounding landscape, respectively. While several studies
found positive relationships between the local butterfly diver-
sity in semi-natural grasslands and the amount of grasslands
in the surrounding landscape (C)ckinger and Smith 2006,
Bergman et al. 2018), studies focussing specifically on but-
terfly diversity in power line corridors have not found similar
patterns (Berg et al. 2011, Lampinen et al. 2018, Ddniel-
Ferreira et al. 2023). We consider that a concentration effect
of more attractive habitats is a possible explanation for the
negative relationship between butterfly species richness and
grassland cover in our study. Old continuous grasslands
potentially contain a higher richness of specialist plants due
to the long management continuity (Cousins and Eriksson
2002), and therefore specialist butterflies might have been
attracted to these more suitable habitats instead of to the
power line corridors, while the total butterfly richness reacted
to the availability of all current grassland habitats. Regardless
of the mechanism, the conclusion of this finding is that novel
grasslands are particularly important butterfly habitats in
landscapes where few other grasslands remain, highlighting
their importance as replacement or supplementary habitat.

To address the ongoing biodiversity crisis, it has become
clear that in addition to the conservation of existing valu-
able habitats, the restoration of degraded habitats and the
appropriate management of novel and marginal habitats also
have an important role to play. Our study fits well within
the context of the Kunming-Montreal Global Biodiversity
Framework and upcoming EU-level legislation on nature
restoration. Both acknowledge the importance of urban
green space, and aim on reversing pollinator declines and
enabling the long-term recovery of biodiversity (Convention
on Biological Diversity 2022, European Union 2022).
While our study habitats are located in rural landscapes,
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our results and those of similar studies emphasise their
potential for biodiversity and we argue that they should be
considered under the biodiversity-inclusive urban planning
emphasised in the Global Biodiversity Framework. By iden-
tifying a prominence of temporal, rather than spatial factors
affecting species accumulation in novel grassland habitats
we highlight two conclusions of relevance for management
and conservation of grassland habitats. First, management
decisions should consider past habitat changes and potential
time lags in the (future) establishment of local diversity (as
discussed in Watts et al. 2020). Second, we show that with
little grassland cover left in the landscape, the establishment
of plant species in a novel habitat appears to be slow, and
therefore is it of importance to conserve and restore exist-
ing valuable habitat on a landscape scale, increasing both
habitat area and connectivity. Importantly, the slow assem-
bly of plant communities can then have direct impact on
pollinator diversity. Continued management of linear infra-
structure habitats is therefore vital for supporting biodiver-
sity across taxa. However, the weak or non-existent patterns
for grassland specialist species highlight the importance of
identifying road verges and power line corridors with local
conditions that suit specialists for targeted management,
while active conservation efforts such as seed sowing may be
required to promote grassland biodiversity in more inten-
sive landscapes.
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