'.) Check for updates

Diversity and Distributions WI LEY

Diversity and Distributions

| RESEARCH ARTICLE @EETEEED

Hypervolume Trait Spaces Reveal Similarities but Also
Functional Differentiation Across Riparian, Roadside and
Field Margin Habitats

Guillaume Fried! 2 | Erica Rievrs-Borges?3 2 | Alejandro Juarez-Escario*® | Lindsay Maskell® (2 |
Bérenger Bourgeois® (2 | Marta Carboni’ (2 | Eduardo Gonzélez-Sargas® ( | Anne-Marie Tabacchi® 2 | Eric Tabacchi®

Laboratoire de la Santé des Végétaux, Unité Entomologie et Botanique, ANSES, Montferrier-sur-Lez, France | 2CESAB - FRB, Montpellier,

France | SAMAP, Univ Montpellier, CIRAD, CNRS, INRA, IRD, Montpellier, France | *Department of Agricultural and Forest Sciences and Engineering,
University of Lleida, Lleida, Spain | SUKCEH, Lancaster Environment Centre, Bailrigg, Lancaster, UK | °Département de Phytologie, Faculté des
Sciences de I'Agriculture et de I'Alimentation, Université Laval, Québec, Québec, Canada | "Department of Sciences, Universita Roma TRE, Roma,

Italy | $Department of Biology, Colorado State University, Fort Collins, Colorado, USA | °Centre de Recherche sur la Biodiversité et I'Environnement
(CRBE), Université de Toulouse, CNRS, IRD, Toulouse INP, Toulouse, France

Correspondence: Guillaume Fried (guillaume.fried @anses.fr)
Received: 15 December 2025 | Revised: 5 June 2026 | Accepted: 26 July 2026
Editor: Ana Benitez-Lopez

Keywords: disturbance regimes | ecological strategies | field margins | functional diversity | functional hypervolume | invasive species | linear habitats |
riparian corridors | roadsides | species conservation

ABSTRACT

Aim: To characterize plant species pools and functional diversity of three common linear habitats—riparian corridors, roadsides
and field margins—and to evaluate their potential roles in regional biodiversity conservation, particularly regarding invasive and
threatened species.

Location: Temperate landscapes in the United Kingdom, France and Spain.

Methods: We compiled vegetation surveys and distinguished species common to multiple habitats and those restricted to a sin-
gle habitat. We then compared taxonomic and functional diversity (as measured by hypervolumes) across habitats based on traits
related to disturbance tolerance, ecological strategy and dispersal.

Results: A quarter of the species pool was shared among the three habitats, and indicator-species overlap was strongest between
roadsides and field margins. Riparian corridors had the highest species richness, the greatest number of habitat specialists and
the largest functional trait hypervolumes. Roadsides showed comparable richness but substantially lower functional diversity,
whereas field margins supported the lowest richness. Although field margins had more disturbance-adapted annuals, all hab-
itats showed similar functional diversity in disturbance tolerance. In contrast, ecological strategies and resource requirements
differed strongly, reflecting habitat-specific filtering by hydrology, soil conditions and management regime. Invasive species
were most frequent in riparian corridors and roadsides, tended to be large and suited to productive, disturbed environments,
while threatened species were more habitat-specific, generally small, sensitive to eutrophication and associated with frequently
disturbed but nutrient-poor sites.

Main Conclusions: Riparian corridors emerge as hotspots of both taxonomic and functional diversity, but also as key invasion
hotspots, whereas roadsides and field margins support narrower ecological strategies. The co-occurrence of invasive and threat-
ened species in disturbed sites within linear habitats, combined with their contrasting trait syndromes (height and nitrophily),
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highlights the need for coordinated management at a broader scale. Protecting vulnerable flora while limiting the spread of

invasive species will require controlling nutrient inputs at the catchment scale.

1 | Introduction

In landscapes shaped by human activity, three linear habitats
dominate: riparian corridors, roadsides and field margins (Tikka
et al. 2001; Marshall and Moonen 2002; Belletti et al. 2020).
They act as important local refuges for plant biodiversity in ag-
ricultural landscapes (Santibafiez et al. 2024) and may also rep-
resent complementary habitat compartments that contribute to
diversity patterns at broader landscape scales. Yet, the extent to
which they differ in terms of species pools and functional di-
versity remains poorly understood. Do these habitats host sim-
ilar plant communities due to their shared linear structure and
anthropogenic influence, or do local environmental constraints
drive functionally distinct assemblages? Moreover, their impor-
tance for supporting threatened species and their potential to
facilitate the spread of invasive species remain insufficiently ex-
plored (Phillips et al. 2020; Auffret and Lindgren 2020).

Riparian corridors, roadsides and field margins share sim-
ilar configurations in the landscape: they are linear, edge-
dominated, strongly influenced by adjacent land use, exposed
to natural and anthropogenic disturbances and function as cor-
ridors for species dispersal. As such, they can serve as refugia
for native flora and fauna by offering shelter from intensive land
use (Forman 1995; Sabo et al. 2005; Hilty et al. 2019). At the
same time, they can serve as conduits for invasive alien species
spread (Kowarik and Von der Lippe 2011; Aronson et al. 2017;
Deeley and Petrovskaya 2022). The spatial connectivity between
these three linear habitats may further facilitate species move-
ment, potentially leading to overlaps in community composition
(Rievrs-Borges et al. 2025). Given these shared attributes and
their proximity, we expect some level of functional similarity
among plant communities, even if taxonomic differences exist.

However, despite these shared features, the three linear habitats
are shaped by distinct ecological filters, including differences in
dispersal limitations, environmental conditions, resource avail-
ability (e.g., light, water, nutrients) and disturbance regimes.
Their capacity to support species movement also depends on
their continuity and spatial structure: riparian corridors and
roadsides often form more continuous corridors (Vorstenbosch
etal. 2020) whereas field margins are typically more fragmented.

Environmental conditions further shape trait composition through
habitat filtering. Riparian corridors are shaped by river hydro-
geomorphic dynamics, creating strong environmental gradients
from the stream channel to the habitat margins (Ward et al. 2002;
Naiman et al. 2010; Tabacchi et al. 2024). This heterogeneity
fosters the coexistence of diverse plant assemblages, with spe-
cies distributed along fine-scale gradients of moisture, substrate
stability and hydrological disturbance intensity. Environmental
gradients tend to be shorter in roadsides and even more in field
margins. Roadsides typically have compacted, nutrient-poor soils,
episodic exposure to pollutants such as heavy metals, nitrogen
oxides, particulate matter and de-icing salts. Stressful conditions
near the pavement select for species tolerant of dry, high-light

environments (Sera 2010), while outer roadside zones may vary
in moisture (presence of ditches) and may host scattered woody
vegetation. In contrast, field margins are generally located in fer-
tile environments where other conditions tend to be moderate,
neither excessively wet nor too dry (Brady and Weil 2007). Here,
fertilization runoff of adjacent fields is expected to favour nutrient-
demanding species with acquisitive strategies (Fried et al. 2018).

Disturbance regimes further differentiate linear habitats, influ-
encing species persistence and turnover. In riparian corridors,
these disturbances largely reflect the same hydro-geomorphic
dynamics described above—periodic and spatially irregular
floods, sediment transport, erosion and deposition—which alter
topography and filter species with physiological adaptations to
scour, burial, water stress and inundation, such as clonal growth,
specialized roots, aerenchyma tissues or floating seeds (Catford
and Jansson 2014; Canham et al. 2023). Because disturbance in-
tensity varies across the floodplain, these processes repeatedly
reset successional stages and generate high spatial heterogeneity.
This promotes the coexistence of early-successional colonizers
and disturbance-adapted perennial species (Naiman et al. 2010)
and enhances taxonomic diversity (Stanford et al. 2005). In
contrast, roadside and field margin vegetation is directly man-
aged by humans, typically through regular mowing (Marshall
and Moonen 2002). Soil compaction, maintenance and mowing
favour ruderal species with fast growth and strong recovery
(Sera 2010), while herbicide drift can further intensify distur-
bances in field margins (Fried et al. 2018; Poinas et al. 2023).

Invasive species (i.e., species introduced by humans whose es-
tablishment and spread pose ecological risks to ecosystems, hab-
itats, or native species (IUCN 1999)) are known to thrive and
spread in linear habitats, potentially outcompeting native spe-
cies (Simberloff et al. 2013; Vila and Hulme 2017). Conversely,
linear habitats may also act as refuges for threatened species in
areas where suitable conditions have disappeared from the sur-
rounding landscape (Auffret and Lindgren 2020). Comparing
the traits of invasive and threatened species across these habi-
tats can reveal how habitat characteristics and management in-
fluence their spread or persistence.

While several studies have investigated plant diversity and func-
tional traits in these habitats separately (Maskell et al. 2006;
Follak et al. 2018; Fried et al. 2024), none have directly compared
species pools and functional composition across all three habitat
types and at a large spatial extent. In this study, we aim to fill
this gap by analysing species pools and selected functional traits
in riparian corridors, roadsides and field margins across multi-
ple regions in Western Europe. Similar to Hutchinson's (1957)
approach to characterize species niches, we used a hypervolume
approach to represent the multidimensional functional traits
space occupied by species assemblages (Blonder 2018), based on
adataset integrating plant species occurrences from large-extent
vegetation surveys. Specifically, we characterized plant ecologi-
cal strategies using functional traits related to life-history trade-
offs, resource use and disturbance adaptation. We then address
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the following questions: (1) How do the species pools of riparian
corridors, roadsides and field margins compare in terms of rich-
ness and to what extent do they overlap taxonomically? (2) How
does functional composition differ across habitats in terms of
dispersal, ecological strategies, resource requirements and re-
sponses to disturbances? (3) How are invasive and threatened
species represented across the three habitats and how do their
traits differ between habitats and compared to other species
from the same pool? We hypothesize that the greater environ-
mental heterogeneity of riparian corridors will result in higher
taxonomic and functional richness. We further expect that field
margins and roadsides will share a higher proportion of ruderal
and disturbance-adapted species (Gelbard and Belnap 2003;
Hovd and Skogen 2005), while riparian corridors will support
more functionally distinct assemblages shaped by hydrological
variability (Tabacchi et al. 2019). Finally, we hypothesize that
invasive species will be more prevalent in roadsides and ripar-
ian corridors, due to the combined effects of their corridor func-
tion and frequent disturbances and will exhibit generalist traits
(Rejmanek et al. 2013). In contrast, we expect threatened species
to be more habitat-specific (Kolb and Diekmann 2005) and char-
acterized by more specialized trait values.

2 | Methods
2.1 | Species Occurrence and Abundance Data

To represent the main plant species occurring in riparian cor-
ridors, roadsides and field margins across Western Europe,
we compiled four major vegetation datasets from northeastern
Spain (Catalonia), France and the UK (Table 1).

The 500 ENI Network (Effets Non Intentionnels, i.e., unintended
effects) (2012-2020) comprises 544 floristic samples collected
from approximately 500 field margins across France. Vascular
plants were surveyed annually in ten fixed 1m? quadrats per
site, providing pseudo-abundance estimates ranging from 1 to
10 quadrats (Andrade et al. 2021; Fried et al. 2024). The TGB
dataset (Trames Grise et Bleu, i.e., grey and blue infrastructure
networks) covers southwestern France (Garonne and Adour
catchments), with 1082 roadside and 1197 riparian plots (1 m?
quadrats, percent cover; (Rievrs-Borges et al. 2025)). The Lleida
Plain dataset (Catalonia) comprises 754 plots from 2003 to 2010
across the Segre and Noguera-Ribagorzana rivers and adja-
cent roadsides and field margins (1-200m? plots; Solé-Senan
et al. 2014, 2018; Juarez-Escario et al. 2016). Finally, the UK

Countryside Survey 2007 contributed 4641 plots from margins,
roadsides and riverbanks (4-10m?), with percent-cover esti-
mates (Smart et al. 2003; Carey et al. 2008). Further details on
survey protocols, sampling design and harmonization proce-
dures are provided in Appendix S1 and Table 1.

When merging raw data into a single dataset, species names
were standardized using the Taxonstand R package (Cayuela
et al. 2021). Abundances were standardized to percentage cover
using a subset of the ‘500 ENT’ dataset, in which surveys re-
corded both percentage cover and pseudo-abundance based on
presence in 10 quadrats. This subset showed a strong correlation
between the two measures (Pearson's r=0.82), allowing the der-
ivation of a conversion function (see Appendix S2 and Figure S1
for details).

2.2 | Functional Trait Data

We characterized plant ecological strategies using key func-
tional traits and ecological indicators (Table 2). Specific leaf
area (SLA), plant height and seed mass from the TRY database
version 6 (Kattge et al. 2020) captured the main axes of the
Leaf-Height-Seed (LHS) scheme (Westoby 1998), reflecting re-
source use, competitive ability and reproductive strategy (Diaz
et al. 2016). Species’ environmental preferences were described
using Ellenberg indicator values (EIV) for nitrogen, light and
moisture derived from the literature (Tichy et al. 2023), as well
as through recently derived indicator values of their tolerance to
disturbance severity and frequency (Midolo et al. 2023), hereaf-
ter referred to as DIS. Information on dispersal mode (animal,
gravity, water, wind) and life form (therophytes, hemicryp-
tophytes, geophytes and woody species) was extracted from
Baseflor (Julve 2024).

2.3 | How Do Species Richness and Taxonomic
Overlap Vary Across Habitats?

To compare species richness among habitats while accounting
for differences in sampling effort, we generated species accu-
mulation curves using the specaccum function (method = ‘ran-
dom’, permutations = 5000) from the vegan R package (Oksanen
et al. 2022). Given that the habitat with the lowest sample size
(field margins) included n=775 plots, we reported estimated
gamma diversity for a standardized sampling size of n=600
plots across all habitats to allow fair comparisons, as values

TABLE1 | Overview of the number of plots available by habitat and region.

Datasets Riparian corridors Roadsides Field margins Total
France (S00ENI+TGB) 1197 1082 544 2823
500 ENI 0 0 544 544
TGB 1197 1082 0 2279
Spain (Lleida Plain) 604 30 120 754
UK (GB Countryside Survey) 2349 2181 111 4641
Total 4150 3293 775 8218

Abbreviations: 500 ENI, For Effets Non-Intentionnels [Unintentional Effects]; GB, Great Britain; TGB, Trames Grise et Bleue [Grey and Blue Networks].
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TABLE 2 | Functional trait and environmental preference variables used in the analyses, including units/categories, value ranges and data

sources.
Range or
number of
Traits Type Nature Unit or categories species Source
Specific Leaf Functional trait Continuous mm?-mg~! 2.6-107.6 TRY (Kattge et al. 2020)
Area (SLA)
Plant height Functional trait Continuous m 0.002-22.5 TRY (Kattge et al. 2020)
Seed mass Functional trait Continuous mg 0.016-9306 TRY (Kattge et al. 2020)
Dispersal mode Functional trait Categorical Animal 203 Baseflor (Julve 2024)
Gravity 147
Water 20
Wind 105
Life forms Functional trait Categorical Woody 68 Baseflor (Julve 2024)
Geophytes 41
Hemicryptophytes 209
Therophytes 157
EIV-Light Environmental Continuous Ordinal scores 4.7-9 Tichy et al. (2023)
preferences from1to9
EIV-Moisture Environmental Continuous Ordinal scores 1-11.9 Tichy et al. (2023)
preferences from 1to 12
EIV-Nutrients Environmental Continuous Ordinal scores 1-8.9 Tichy et al. (2023)
preferences from1to9
DIS-Frequency Tolerance to Continuous 0-2+ 0.905-2.239 Midolo et al. (2023)
disturbance
DIS-Severity Tolerance to Continuous 0-1 0.124-0.853 Midolo et al. (2023)

disturbance

closer to the lowest sample size (775) reduced stochastic varia-
tion in the resampling procedure.

For taxonomic overlap assessment, we first needed to balance
sampling effort between habitats and regions. We used a strat-
ified resampling approach: for each habitat, we randomly resa-
mpled 5000 times 500 surveys using a weighting that applies an
inverse weight to the number of surveys available from each re-
gion (i.e., the probability of drawing a survey in a region with n
surveys is 1/n). This procedure minimizes bias that could incor-
rectly associate a species with a particular habitat due to dispro-
portionate representation of that habitat within a specific region.
For each resampling iteration, we computed species frequency
(occurrence across surveys) and mean abundance separately, re-
sulting in two parallel data structures (a frequency matrix and
an abundance matrix), each with 15,000 rows (5000 resamples
% 3 habitats) and 1878 species. We then summarized these resa-
mpled matrices by averaging across the 5000 iterations for each
habitat, yielding a single matrix of mean species frequency and
a second matrix of mean species abundance, both structured as
3 habitats x 1878 species. In the following text, these resampled
matrices are referred to as the ‘resampled datasets’. To assess the
extent of taxonomic overlap among the species pools of the three
habitats, we performed a comparison at two levels: (i) using the

data based on the presence-absence of species in each habitat
(full species pool) and (ii) using only the species identified as
habitat indicators. This two-level approach is necessary because
relying solely on the full species pool may inflate apparent habi-
tat overlap as it includes species that may occur there by chance
due to dispersal, regional pool effects, or uneven sampling.
Reducing the number of species allows us to contrast patterns
based on the entire regional species pool with those based on a
more conservative and ecologically more strongly constrained
subset. For the latter, we used the IndVal method (Dufréne and
Legendre 1997) as implemented in the indicspecies R package
(De Caceres and Legendre 2009), which identifies species with
significantly higher specificity (degree of exclusivity to a habitat
based on relative abundance) and fidelity (frequency within sites
of that habitat) than expected by chance. As a conservative ap-
proach to avoid including accidental species, we set mean cover
abundances below 0.1% to zero in the input matrix before run-
ning the IndVal analysis and retained only species with occur-
rence frequencies above 1% afterward.

Based on the IndVal analysis, we classified species into seven
groups: single-habitat specialists (ri: riparian corridors, ro: road-
sides, fm: field margins), dual-habitat specialists (riro, fmro,
fmri) and generalists (gen), i.e., species that are not indicative of
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any particular habitat. We refer to the species pool of a habitat as
all species observed in it (e.g., the field margin pool includes fm,
fmro, fmri and gen) and to species groups as the six groups iden-
tified by IndVal (ri, ro, fm, riro, fmro, fmri) and the generalist
group. Every species belongs to only one group, e.g., no species
can be in both the ri and fmri group.

2.4 | How Do the Functional Traits of Species
Pools Differ Across Habitats?

Trait differences among indicator species in each group, as
well as in the generalist group (476 species), were assessed
using Kruskal-Wallis tests followed by Dunn's post hoc tests
with Benjamini-Hochberg correction for multiple compari-
sons (quantitative traits) and Fisher's exact tests for categor-
ical traits. For the missing trait data (4.9% of species-traits
entries), we used the ‘mice’ R package algorithm for imputa-
tion (van Buuren and Groothuis-Oudshoorn 2011). One spe-
cies (Hypecoum procumbens, a field margin specialist) with
too many missing values was excluded because the imputation
algorithm cannot reliably handle a high proportion of missing
values. For Ellenberg indicator values, ‘x’ entries, indicating
species with no preferences, were replaced with the median
value of the observed numeric scores for the corresponding
indicator. Next, we assessed the functional diversity of the
three habitats using a hypervolume approach implemented
in the ‘BAT’ R package (Cardoso et al. 2015; Mammola and
Cardoso 2020). Unlike convex hulls, hypervolume methods
account for irregular trait distributions and are less sensitive
to outliers (Blonder 2018), providing a more realistic estimate
of functional diversity. We quantified this diversity using two
metrics: functional richness, defined as the total volume of
trait space occupied by the species pool and functional disper-
sion, defined as the mean distance between stochastic points
within the hypervolume and the hypervolume centroid, using
the default implementation in BAT::kernel.dispersion, which
corresponds to functional divergence sensu Laliberté and
Legendre (2010). Higher functional richness therefore indi-
cates a broader range of functional trait values and a greater
diversity of ecological strategies represented in the species
pool, whereas higher functional dispersion reflects greater
heterogeneity in trait composition, with species more widely
spread in trait space rather than clustered around the func-
tional centroid.

We generated three hypervolume types: (1) LHS traits, (2)
EIVs (resource requirements) and (3) DISs (tolerance to dis-
turbances). Beyond following best practices formulated by
Mammola and Cardoso (2020) that recommended to use a
maximum of 3-5 traits per hypervolume, this approach al-
lowed us to disentangle the relative contribution of each
functional dimension (ecological strategies, resource require-
ments, tolerance to disturbances) to the differentiation of the
three habitats. To account for variations in the number of
habitat-indicator species, we subsampled n species from ripar-
ian corridors and n species from roadsides 999 times, where n
corresponds to the number of field margin indicator species
(the smallest group, n =388 species with sufficient trait data).
This resulted in 999 riparian species hypervolumes, 999 road-
side species hypervolumes and one field margin hypervolume.

Differences in functional richness and dispersion between
riparian, roadside and field margin habitat-indicator species
were assessed by comparing the frequency distributions of the
999 riparian and 999 roadside hypervolumes with the single
field margin hypervolume. The field margin value was con-
sidered significantly smaller or larger when it fell outside the
95% range of the simulated hypervolumes (i.e., below the 2.5th
percentile or above the 97.5th percentile). Similarly, riparian
and roadside hypervolumes were considered significantly dif-
ferent when their 95% distributions did not overlap.

2.5 | Do Invasive and Threatened Species Differ in
Distribution and Traits Across Habitats?

We focused on two subsets of species of particular conservation
concern: (i) threatened species, based on TUCN Red List status
and (ii) invasive alien species. For invasive alien species, we
used national and regional sources: the Centre de ressources—
Especes exotiques envahissantes (2025), retaining taxa listed
as invasive in at least two French regions; the BSBI list of inva-
sive plants of concern for the UK (Botanical Society of Britain
and Ireland 2024) and the Aymerich and Saez (2019) checklist
for Catalonia. For threatened species, we used Red Lists from
France (UICN France et al. 2018), the UK (Stroh et al. 2014) and
Catalonia (Aymerich and Sdez 2021), including taxa classified
as Vulnerable (VU), Endangered (EN), or Critically Endangered
(CR). We then examined how trait values of invasive and threat-
ened species differed among the seven habitat groups (fm, ri,
ro, fmri, fmro, riro and generalists) and relative to other species
within each group, using Kruskal-Wallis and Dunn's post hoc
tests on normalized trait values.

3 | Results
3.1 | Taxonomic Comparison of the Three Habitats

Across the resampled dataset, 1878 plant species were recorded:
763 in field margins, 1333 along roadsides and 1419 in riparian
corridors. At this stage, 204 species, statistically too rare in the
initial matrix (often singletons), were excluded because they
were never drawn in the resampling procedure. Species accu-
mulation curves showed that riparian corridors and roadsides
had the highest gamma diversity (Appendix S3, Figure S2). For
n=600 samples (5000 permutations), computed gamma diver-
sity + SD was 842 =+ 24 for riparian corridors, 838 + 28 for road-
sides and 712 + 10 for field margins.

Presence-absence data indicated that 29% of species were
shared between roadsides and riparian corridors, while 24% oc-
curred in all three habitats (Figure 1A). Overlap between road-
sides and field margins was 6% and between field margins and
riparian corridors only 3%. Riparian corridors hosted the largest
proportion of unique species (19%), followed by roadsides (11%)
and field margins (7%).

When focusing on the 429 indicator species (plus 47 gener-
alists), patterns were similar (Figure 1B). Riparian corridors
contained the highest proportion of unique indicators (25%),
followed by roadsides (20%) and field margins (19%). Shared
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A Presence/absence

C Invasive

B Indicator species

D Threatened I

FIGURE 1 | Number of unique species across habitats based on: (a) presence records of all species across the four original sources (resampled
dataset); (B) indicator species of each habitat and group of two habitats calculated with IndVal (in this case, the triple interaction zone corresponds to
generalist species that are not specialists in any habitat(s) but with a frequency > 1% in all three habitats), (C) presence records of all invasive species
across the four original sources (resampled dataset) and (D) presence records of all threatened species across the four original sources (resampled

dataset). We used the function euler in the eulerr package (Larsson 2021).

indicators were most common between field margins and
roadsides (17%), whereas field margins and riparian corridors
shared only 1%. Generalists represented 10% of all species.
Based on indicator analysis, 57% of riparian species were sin-
gle habitat specialists, compared with 40% in field margins
and 35% in roadsides.

The five most frequent species overall—Dactylis glomerata,
Plantago lanceolata, Convolvulus arvensis, Agrostis stolonifera and

Arrhenatherum elatius—were all generalist and native species
(Appendix S4, Table S1). Riparian corridors were characterized by
a higher relative contribution of specialist species (e.g., Phragmites
australis, Lythrum salicaria, Salix alba), indicating a greater repre-
sentation of habitat-specific ecological strategies. In contrast, field
margins and roadsides were dominated by generalist species (e.g.,
Dactylis glomerata), while specialist species were comparatively
less represented, particularly in field margins. See Tables S2-S4 in
Appendix S5 for the 40 most frequent species in each habitat.
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FIGURE 2 | Standardized residual heatmaps from Chi-squared tests showing associations between species traits and species groups. (A) Life
forms: Woody plants, geophytes, hemicryptophytes and therophytes across species groups. (B) Dispersal modes: Animal, gravity, water and wind
dispersal across habitat combinations. Residuals are expressed as (observed—expected)/expected values; positive values (red) indicate trait overrepre-
sentation in a habitat group and negative values (purple) indicate underrepresentation. Habitat group codes: Fm, field margins; ri, riparian corridors;
ro, roadsides; fmri, field margins & riparian corridors; fmro, field margins & roadsides; riro, riparian corridors & roadsides; gen, species common
to all three habitats. Residuals are based on Chi-squared contingency tables and follow-up Fisher exact tests for each trait category. Fisher's exact
tests indicate whether the observed distribution of values across cells differs from that expected under a model of independence, i.e., whether trait
categories are non-randomly distributed among species groups. The colour gradient highlights the magnitude and direction of these deviations from
expectation, with more intense colours indicating stronger departures from independence rather than a significance threshold.

3.2 | Functional Composition of the Species Pools among generalists (+40%) and riparian-associated species
Related to the Three Habitats (+30%). Geophytes were more frequent in riparian-related

groups (+60-110%), and woody species were slightly overrepre-
Life form and dispersal mode distributions differed signifi- sented in riparian corridors (+40%) and the riparian-roadside

cantly among species groups (Fisher exact tests, both p <0.001; group (+50%).

Figure 2). Therophytes were strongly overrepresented in field

margins (+80% compared to expected) and in their shared For dispersal modes, water-dispersed species were highly overrep-
groups with riparian corridors (+150%) and roadsides (+70%), resented in riparian corridors (+230%) and the riparian-roadside
whereas hemicryptophytes were moderately more represented group (+90%), while gravity-dispersed species prevailed in field

Diversity and Distributions, 2026 7 of 15

85U8017 SUOLUWIOD 3A 111D 3[cedl|dde auyy Aq peusenob ale saie O ‘8sn JO Sa|nl 1oy Akeiq1TauIIUQ AB]IAA UO (SUOTPUOD-pUE-SLLBY WD AS 1M AeIq 1 jBul [UO//SdNL) SUOTPUOD pUe SIS 1 L) 38S * [9202/80/.0] UO Aiqiaulluo A8 1iM *ABojoipAH 7 AB0J093 104 818D NN Aq £¥20L IPP/TTTT OT/I0P/LOY A8 | AReiq Ul juo//:SdNy Woi) pepeoiumod ‘g ‘9202 ‘Z9ve./vT



margins (+30%) and in the field margin-riparian group (+60%).
Animal-dispersed species were over-represented among general-
ists (+40%) but under-represented in riparian corridors (—30%).
Wind-dispersed species varied little across groups.
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FIGURE3 | Legend on next page.

All quantitative traits differed significantly among species
groups (Kruskal-Wallis tests, p<0.01; Figure 3). Specific leaf
area (SLA) was highest in generalists (+26%) and in field mar-
gins (+23%) compared to roadsides (percentages indicate relative
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FIGURE3 | Boxplots and violin plots showing the distribution of trait values across species groups for: (A) Specific Leaf Area (SLA; mm?mg™),
(B) Plant height (m), (C) Seed mass (mg), (D) Ellenberg indicator values (EIV) for light, (E) EIV for soil moisture, (F) EIV for nutrients, (G) Disturbance
indicator values (DIS) for disturbance frequency and (H) DIS for disturbance severity. Species groups are: Fm, field margins; ri, riparian corridors; ro,

roadsides; fmri, field margins & riparian corridors; fmro, field margins & roadsides; riro, riparian corridors & roadsides; gen, species common to all
three habitats. Different letters indicate significant differences among groups based on Dunn tests (@ =0.05), adjusted using the Benjamini-Hochberg
procedure, following a global Kruskal-Wallis test. Note that the Y axis in panels A-C are log-transformed (in these cases, KW-tests were done on

log-transformed data).

differences based on the values shown in Figure 3). Plant height
was twice as high (+100%) in the riparian-roadside group and
20% higher in riparian corridors than in roadsides. Seed mass
was greatest in the field margin-roadside group (+131%) com-
pared to riparian corridors (Figure 3A-C).

For ecological indicator values, EIV-Moisture was 64% and
92% higher in riparian corridors relative to field margins and
roadsides, respectively, while EIV-Light was slightly higher in
roadsides (4% and 7%) compared to field margins and riparian
corridors, respectively (Figure 3D,E). EIV-Nutrient was higher
in the field margin-riparian group (+45%) and in the generalists
(+20%) compared to roadsides (Figure 3F).

For disturbance, DIS-Frequency was highest in field margins
and the field margin-roadside group, intermediate in roadsides
and lowest in riparian corridors, with field margin-associated
groups 20%-21% higher than riparian corridors. DIS-Severity
showed a similar pattern, with the highest values in field mar-
gin species pools (fm, fmri, fmro) and roadsides and the lowest
values in riparian corridors. This corresponds to increases of
74%-120% relative to riparian corridors (Figure 3G,H).

3.3 | Functional Diversity of the Species Pools
Related to the Three Habitats

For Leaf-Height-Seed (LHS) traits and Ellenberg Indicator
Values (EIVs), functional richness (hypervolume volume) was
highest in riparian corridors (Figure 4A,C). For LHS traits, func-
tional richness in riparian corridors was 170% greater than in
roadsides and 160% greater than in field margins, with no signif-
icant difference between field margins and roadsides. For EIVs,
functional richness in riparian corridors was 134% greater than
in field margins and 90% greater than in roadsides, while road-
sides were 49% greater than field margins. Riparian species also
exhibited greater functional dispersion: LHS trait dispersion was
34% and 48% higher than in field margins and roadsides, respec-
tively, and EIV dispersion was 10%-30% higher than in the other
two habitats (Figure 4B,D).

For disturbance indicator values (DIS), the pattern differed with
slightly higher values for roadsides (Figure 4E,F), but no signif-
icant differences were detected among the three habitats for ei-
ther functional richness or functional dispersion.

3.4 | Invasive and Threatened Species: Differences
in Habitat Associations and Trait Values

Our dataset included 87 invasive and 134 threatened species.
The most frequent invasives were Bidens frondosa, Paspalum

distichum (both 13% in riparian corridors) and Veronica per-
sica (10% in field margins) (Appendix S6, Table S5). Reynoutria
Jjaponica (1% overall) occurred mainly along roadsides and ri-
parian corridors, while Ambrosia artemisiifolia (0.3%) was
present in all habitats, mostly in field margins. The most fre-
quent threatened species were Filago pyramidata, Medicago
minima and Petrorhagia prolifera, all annual species, which
are rare in Great Britain (Endangered (EN), Vulnerable (VU)
and Endangered (EN) status, respectively) but still common in
France and Catalonia in open habitats including field margins
and roadsides (Appendix S6 gives the top ten most frequent in-
vasive (Table S5) and threatened (Table S6) species for the three
habitats).

Distribution patterns differed between the two groups: inva-
sive species included a higher proportion of generalist species
occurring in all three habitats (28%) compared to threatened
species (19%), whereas threatened species comprised more
single-habitat specialists (41% vs. 37%; Figure 1C,D, these values
should be interpreted as relative proportions and not as statis-
tically tested contrasts). In riparian corridors, invasive species
were more frequent and abundant than non-invasive ones (in-
cluding both native species and non-invasive non-native spe-
cies), while other species (non-invasive, non-threatened) were
more frequent and abundant than threatened species (Kruskal-
Wallis, p<0.001; see Appendix S7 for more details). In field
margins, invasive species occurred less frequently than other
(non-invasive, non-threatened) species, whereas no significant
differences were detected along roadsides.

Compared to other species, invasives were taller and preferred
nutrient-rich soils, while threatened species were shorter
(Figure 5). Both groups were also associated with higher require-
ments for soil moisture and greater tolerance to disturbances
(Figure 5). Life form and dispersal patterns showed marked con-
trasts: threatened species exhibited higher proportions of thero-
phytes (+76%) and geophytes (+45%), whereas invasives showed
a higher proportion of woody species (+59%, Fisher's exact
p<0.001; Appendix S8, Figure S3A). Percentages indicate rel-
ative differences in proportional representation among groups.
Invasives were also +66% water-dispersed and +25% wind-
dispersed, while threatened species had +135% water-dispersed
and +21% gravity-dispersed species (Appendix S8, Figure S3B).

4 | Discussion

Our results reveal both similarities and differences in species
pool composition, functional traits and conservation value among
riparian corridors, roadsides and field margins across Western
Europe. At a continental scale, not all functional dimensions
contribute equally to habitat differentiation. Some patterns are
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FIGURE 4 | Distribution of functional richness (left) and functional dispersion (right) across 999 simulated hypervolumes of riparian corridor

(blue) and roadside (green) indicator species, compared with the observed hypervolume of field margin indicator species (red dashed line) for hy-
pervolumes constructed on LHS traits (top), Ellenberg indicators (middle) and disturbance indicators (bottom). The green and blue background rep-
resents the 95% range of values. If the hypervolume of field margins falls outside this range, it indicates that the richness (left panels) or dispersion
(right panels) of the hypervolume is significantly different. Similarly, if the 95% range of the hypervolume of roadsides and riparian corridors do not

overlap, they are significantly different.

consistent across habitats: they share dominant plant species and
show comparable functional diversity related to disturbance toler-
ance, indicating that all three habitats support a broad range of dis-
turbance responses. In contrast, ecological strategies and resource

requirements differ strongly between habitats and help explain
the contrasting representation of invasive and threatened species.
Gamma and functional diversity were highest in riparian corri-
dors, whereas field margins supported fewer species and showed
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FIGURE 5 | Normalized trait values across species groups for invasive, threatened and other plant species. Trait values were normalized across

species groups to allow direct comparison of invasive and threatened species relative to others, accounting for trait differences among species groups.

Boxplots show the distribution of values by species status; jittered points represent individual observations. Kruskal-Wallis test results are shown

above each trait. Letters indicate homogeneous groups following Dunn post hoc comparisons with Benjamini-Hochberg correction.

trait convergence with roadsides. Despite substantial overlap, each
habitat retained distinct assemblages, with riparian corridors sup-
porting most indicator and threatened species. Invasive species
were widespread—particularly in riparian corridors—highlight-
ing the contrasting ecological roles of linear habitats and their
combined contribution to regional biodiversity.

4.1 | How Do the Species Pools of Riparian
Corridors, Roadsides and Field Margins Differ
Taxonomically?

The higher richness observed in riparian corridors and road-
sides may be explained by their more complex habitat struc-
ture. Riparian corridors and to a lesser extent roadsides, often
comprise multiple sub-habitats (Tabacchi et al. 2024), from the
immediate riverbank or road verge—typically bare or sparsely
vegetated due to erosion or disturbance—to more external el-
ements such as riparian forests or tree lines (Rievrs-Borges
et al. 2025). In contrast, field margins are generally simpler and
narrower (Marshall and Moonen 2002). Higher connectivity
along riparian and roadside networks likely also contributes to
richness, enhancing dispersal and recolonization of disturbed
sites (Tonkin et al. 2018).

On the one hand, the substantial overlap of species—with
nearly two-thirds occurring in at least two habitats, including
one quarter shared by all three—may partly reflect similar
ecological conditions, particularly those shaped by distur-
bance regimes. For instance, the high number of frequent spe-
cies shared between field margins and roadsides can likely be
attributed to their similar management regimes, particularly
regular mowing (Hovd and Skogen 2005). Spatial proxim-
ity and connectivity may also contribute to species sharing,
as field margins often adjoin or even overlap with roadside
verges (Chaudron et al. 2016).

On the other hand, more than one third of all species and two
thirds of indicator species occurred exclusively in a single habi-
tat. As expected, the riparian corridor species pool contains the
highest number of specialists and shares the fewest indicator
species with the other two habitats. Moreover, riparian corridors
stood out by supporting a substantially higher number of habitat
specialists with high frequency—13 among the 40 most common
species—compared to just one and three in field margins and
roadsides, respectively. Based on the identity of these specialist
species (e.g., Phragmites australis, Lythrum salicaria, Salix alba,
Populus nigra) and the characteristics that most differentiate ripar-
ian corridors from the other two habitats, this greater distinctive-
ness is likely due to the wetter conditions of alluvial soils. These
conditions result from a combination of closer groundwater lev-
els and periodic overbank flooding, which distinguish riparian
corridors from field margins and roadsides. This emphasizes the
importance of riparian corridors in maintaining habitat-specific
biodiversity at the landscape level (Naiman et al. 1993; Bennett
et al. 2014) and how it contributes to increasing regional diversity
(Sabo et al. 2005).

4.2 | How Do Species Pools in Riparian Corridors,
Roadsides and Field Margins Compare Functionally?

Riparian habitats show greater functional diversity than road-
sides and field margins, reflecting higher habitat heterogeneity
and dynamic conditions—fluctuating water levels, erosion and
sediment deposition—that create diverse ecological niches at a
local scale (Naiman et al. 2005; Biswas and Mallik 2010; Hough-
Snee et al. 2015; Lawson et al. 2015). Riparian species gener-
ally have higher soil moisture and lower light requirements
(reflecting successional processes) but encompass a wide range
of values, including drought-tolerant species, indicating nu-
merous microhabitats with varying moisture regimes (Janssen
et al. 2021). The higher functional diversity in riparian corridors
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may also result from more spatially structured environmental
filtering. Flooding as a disturbance force is spatially and tem-
porally heterogeneous or patchy and creates ‘gaps’ in ecological
filters, enabling a wider range of trait combinations to persist.
Roadsides and field margins, however, experience more uni-
form anthropogenic pressures (regular mowing along strip hab-
itats), enforcing stronger, more consistent environmental filters
that limit functional trait variation.

Abiotic filtering is stronger in roadsides, where species show
narrower light and moisture preferences—high light and low
moisture—reflecting drier, poorer soils (Sera 2010). Field mar-
gins support more ruderal species, with more annuals, higher
specific leaf area (SLA) and elevated nutrient indicator values
(EIV-N), typical of arable weeds with acquisitive strategies
(Grime 1974; Bourgeois et al. 2019), likely driven by fertilization
runoff from croplands (Hovd and Skogen 2005; Fried et al. 2018).

The lack of differences among habitats in the functional rich-
ness and dispersion of disturbance tolerance suggests that all
three habitats host a wide range of species, from disturbance-
tolerant to disturbance-sensitive. This coexistence may result
from contrasting conditions between the inner, more disturbed
edges and the outer, less disturbed edges of these linear habitats
(Rievrs-Borges et al. 2025).

4.3 | How Are Invasive and Threatened Species
Represented Across the Three Habitats and How
Do Their Traits Compare to Other Species From
the Same Pool?

Our findings reveal a strong contrast in the distribution and trait
profiles of invasive versus threatened plant species across lin-
ear habitats. Two-thirds of invasive species occurred in multi-
ple habitats, particularly shared between riparian corridors and
roadsides, whereas nearly half of threatened species were re-
stricted to a single habitat. Invasive species were more frequent
and abundant in riparian corridors, consistent with their role as
dispersal corridors due to high connectivity and frequent dis-
turbance (Richardson et al. 2007). They are disproportionately
wind- and water-dispersed, facilitating long-distance spread
along and beyond these corridors (Thiele et al. 2018).

The hypothesis that invasive and threatened species differ in
their trait profiles from other species is supported (Bradshaw
et al. 2008): invasive species were taller and preferred moist,
nutrient-rich soils, consistent with competitive dominance
in productive environments (MacDougall et al. 2009; Dostal
et al. 2013). Such functional divergence from co-occurring
species can allow invasive species to access novel niches, use
available resources more efficiently and translate these advan-
tages into dominance over native taxa (DiviSek et al. 2025).
Threatened species were smaller and associated with frequently
disturbed but nutrient-poor habitats, placing them at the oppo-
site end of the ecological gradient and making them vulnera-
ble to eutrophication and vegetation encroachment. However,
invasive and threatened species do not differ much in terms of
dispersal mode or response to disturbances, likely because the
selective pressures of linear habitats shape these traits. This
emphasizes a management challenge: some disturbance is

necessary to maintain threatened species, but it must not favour
invasive generalists, which can create shading and competitive
pressure (Staude et al. 2023).

Riparian corridors emerged as the most species-rich and func-
tionally diverse habitats, supporting numerous specialists and
a substantial share of threatened species across temperate
Europe (Naiman et al. 1993; Gonzdlez et al. 2017; Graziano
et al. 2022). Although roadsides supported a comparable
number of species, generalists dominated their communities
and functional diversity was lower. Even so, these artificial
habitats host almost as many threatened species as riparian
corridors and field margins, in turn, contain fewer invasive
species while supporting several threatened arable weeds
(e.g., Asperula arvensis, Bifora testiculata) (Fried et al. 2009).
By combining taxonomic metrics with functional hypervol-
ume analyses, our approach identifies habitats that contribute
unique or underrepresented portions of trait space at a biogeo-
graphic scale. This integrative framework strengthens conser-
vation prioritization by highlighting habitats that safeguard
not only local species richness but also regional functional
strategies essential for ecosystem resilience across landscapes
(Lee et al. 2025).

Beyond describing these patterns, our results have direct im-
plications for management of widespread linear habitats. First,
by identifying which invasive or threatened species are shared
across all habitat types versus those restricted to specific ones,
our framework can help prioritize monitoring and control ef-
forts towards species that consistently occur across multiple
habitat types and may therefore require coordinated manage-
ment strategies at the landscape scale. Second, our findings can
inform the design of targeted monitoring programs by high-
lighting habitats with higher proportions of invasive or threat-
ened species, thereby supporting decisions on where monitoring
effort should be concentrated. Third, this type of information
can contribute to the selection of species pools for restoration or
sowing schemes, by helping practitioners anticipate which spe-
cies are most suitable or most likely to persist under site-specific
conditions, in line with practitioner priorities for site suitabil-
ity in restoration planning (Henry et al. 2024). More generally,
similar approaches have been shown to support management
and policy-relevant decisions in linear and anthropogenically
mediated ecosystems (e.g., Asth et al. 2021; Montero-Castafio
et al. 2023), particularly when used to guide monitoring design
and early detection of invasive species in dispersal corridors.

5 | Conclusion

Our study provides the first comprehensive characterization of
the most widespread linear habitats—riparian corridors, road-
sides and field margins—in industrialized landscapes, high-
lighting their key functional and taxonomic traits and associated
conservation challenges. Using hypervolume metrics, we show
that vegetation in the three habitats exhibits similar responses
to disturbances, with all hosting a wide range of disturbance-
tolerant and -sensitive species, yet differs more strongly in
ecological strategies and, in particular, resource requirements.
Invasive species occur predominantly in riparian corridors and
roadsides, while threatened and specialist species are primarily
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concentrated in riparian corridors. Riparian corridors emerge
as hotspots of taxonomic and functional diversity but they also
represent key invasion hotspots. Trait-based analyses show
that invasive species, generally larger, thrive in resource-rich,
disturbed environments, whereas threatened species, smaller,
tolerate disturbances but are sensitive to eutrophication and
competitive exclusion. This contrast provides a framework for
targeted management, including catchment-scale nutrient con-
trol, to reconcile conservation of vulnerable flora with invasion
control in multifunctional landscapes.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Appendix S1: Full description of the datasets
used. Appendix S2: Standardization of abundance data. Figure S1:
Relationship between the frequency of occurrence across 10 quadrats
and the mean cover within those same 10 quadrats. Note that the data
were log-transformed. Appendix S3: Species accumulation curves for
the three linear habitat types based on random permutations of species
presence across sampling sites. Figure S2: Species accumulation curves
for the three linear habitat types based on random permutations of spe-
cies presence across sampling sites. The figure shows the cumulative
species richness (y-axis) as a function of sampling effort (x-axis) for field
margins (red), roadsides (green) and riparian corridors (blue). Curves
represent mean richness values calculated using 5000 random permuta-
tions. Shaded ribbons indicate +1 standard deviation around the mean.
The vertical dashed line at 600 samples marks a common threshold for
comparative analyses across habitats. Appendix S4: Mean frequency
and mean abundance of the most frequent species in the three habitats.
Table S1: The most frequent species in the dataset and their mean fre-
quency and mean abundance (percentage cover) in the three habitats as
well as their frequency rank (rank order based on mean frequency in a
given habitat). Appendix S5: Top 40 most frequent species in the three
linear habitats. Table S2: Top 40 most frequent plant species along field
margins. Table S3: Top 40 most frequent plant species along roadsides.
Table S4: Top 40 most frequent plant species along riparian corridors.
Appendix S6: List of invasive and threatened species. Table S5: Top 10
most frequent invasive species per habitat. Table S6: Top 10 most fre-
quent threatened species per habitat. Appendix S7: Invasive vs. threat-
ened species: frequency, abundance and traits across habitats. Appendix
S8: Figure S3 Standardized residual heatmaps from Chi-squared tests
showing associations between species traits and species status (invasive,
threatened, other). (A) Life forms: woody plants, geophytes, hemicryp-
tophytes and therophytes across habitat combinations. (B) Dispersal
modes: wind, water, gravity and animal dispersal across habitat combina-
tions. Residuals are expressed as (observed — expected)/expected values;
positive values (red) indicate trait overrepresentation in a habitat group
and negative values (blue) indicate underrepresentation. Residuals are
based on Chi-squared contingency tables and follow-up Fisher exact tests
for each trait category.
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