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Introduction

Because of human impact, species diversity has been reduced across many
ecosystems (Bischoff et al. 2010). Intending to support wildlife and enhance local
biodiversity, planting commercially sourced wildflowers has become popular with
individuals and groups including local councils, farmers and land developers.
However, there is a growing awareness that the planting of these wildflowers may
disrupt the ecology and evolution of pre-established wildflower populations (Barry,
Hodge, 2023).

With scarce intention to emulate the natural local plant composition or gene pool,
seed mixes have been produced and distributed into ecologically unsuitable
locations (Barry & Hodge, 2023). The cultivated origins of these species means that
they may have undergone a degree of human selection, artificially manipulating the
seeds’ genetics, with producers intentionally or unintentionally preserving and
producing seeds from plants with certain desirable traits such as earlier germination
(Heiser, 1987). Further, often the provenance of the seed is disregarded, so non-
local genotypes are introduced among local populations (Mijnsbrugge et al. 2010).
Local provenance is considered central to ecological restoration, as plants with
regionally adapted genotypes typically exhibit superior performance under the local
environmental conditions that they are evolutionarily aligned with (Kiehl et al., 2014).
The introduction of these cultivated and non-local populations has widely unexplored
genetic implications for both the pre-established and introduced populations of the
same species, with several potential evolutionary outcomes for both populations
(Turner et al. 2017).

There is potential for the commercially sourced wildflower species to hybridise and
homogenise with pre-established populations of the same species (Burton & Burton,
2002), making individuals more genetically similar and altering the gene pool. This
has presented itself as low organisation and distribution of genetic variation and
individuals within and between introduced and established populations (Turner et al.
2017). On top of reduced genetic diversity, as adaptation to a specific planting site is
expected to decrease with the source of a plant being at increasing distance from it
and the plant being genetically isolated (seeds are collected from a limited number of
sources) (Bischoff et al. 2010), as is common with commercially produced
wildflowers in seed mixes (Barry & Hodge, 2023), established populations at that site
are put at risk from the inheritance of likely maladaptive genes, and therefore
reduced fitness (Bischoff et al. 2010, Keller et al, 2001). All of these consequences
have the potential to negatively impact wildflower populations’ adaptation to changes
in their environment.

The factors described below are highlighted to capture key ecological and genetic
factors influencing hybridisation risk of individual species between commercial and
natural populations. Species planted more frequently from commercial sources are
more likely to co-occur with pre-established populations, increasing the potential for
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hybridisation. Rarity further amplifies vulnerability as rare species are more
susceptible to acquiring maladaptive genes, as evidence suggests that widespread,
well-connected species exhibit greater resilience to genetic introgression through
enhanced gene flow and population buffering (Sampson & Byrne, 2008; Aavik et al.,
2014; Richards et al., 1999).

Spatial proximity was also considered to determine whether a species naturally
occurs near planting sites. Where substantial natural populations are located close to
planting areas, the likelihood of hybridisation increases due to stronger spatial
connectivity and overlap (Sampson & Byrne, 2008; Aavik et al., 2014; Richards et al.,
1999). Intraspecific variation was included on the premise that species exhibiting
high internal diversity are more likely to experience disruption to native patterns of
variation through hybridisation/introgression, particularly where population
differentiation is considerable (Des Roches et al., 2018).

Dispersal ability influences the potential for gene flow between commercial and
natural populations, with highly dispersive species more likely to spread and mix
across landscapes (Gamba & Muchhala, 2020). Similarly, a high outcrossing rate
increases the likelihood of cross-pollination between populations as individuals are
reliant on reproducing with other individuals other than themselves, while high
pollinator specificity implies that successful pollination is more likely to occur
between conspecifics as the species is visited by a limited range of pollinators
(Neequaye et al., 2025).

This study aims to evaluate wild-commercial hybridisation risk across wildflower
species identified as being used in recent ecological restoration and biodiversity
management practices. A multi-criteria framework was used, with the objective of
identifying the species most vulnerable to intraspecific introgression with
commercially sourced populations under current restoration practices, integrating
planting frequency, rarity, the presence of natural populations near planting sites,
intraspecific variation, dispersal ability, outcrossing rate and pollinator specificity as
the criteria. This study also aims to assess broader hybridisation risk, with a general
evaluation incorporating supplier sourcing practices, provenance considerations, and
the relationship between planting frequency and species rarity.

First, this study measured planting frequency and rarity data to create a subset of 30
wildflower species. Following this, the further traits were compiled from database and
published scientific literature sources, as well as through cross-referenced map
sources, and analysed using weighted sum aggregation to generate composite risk
scores. Species were ranked accordingly, and seven species were identified for
targeted conservation attention: Daucus carota, Geranium pratense, Origanum
vulgare, Rhinanthus minor, Anthyllis vulnearia, Centaurea scabiosa, and Silene flos-
cuculi. By highlighting the species deemed here most at risk, this framework informs



more ecologically responsible decisions around seed sourcing, supply, and
procurement.

Methodology

Seven decision criteria were selected based on published literature and expert
discussion. These included:

1. Frequency of planting by local councils
2. Relative rarity of the species

3. Proximity of planting locations to protected areas where the species is
naturally present

. Known intraspecific variation
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5. Dispersal ability
6. Outcrossing rate
7

. Pollinator specificity

These criteria were chosen to reflect both ecological risk and current relevance,
enabling a multi-dimensional assessment of species suitability.

Frequency/location collection

The study focused on wildflower species planted in public schemes managed by
local authorities/councils across Britain. This approach was designed to capture a
geographically diverse sample of planting sites (Figure 1), given that preliminary
research found many local authorities choosing seed mixes and using curated seed
mixes that reflect the already locally-present wildflower species, and to reflect the
varied natural distributions of target species (BSBI distribution maps). Local
authorities were selected for this study due to their extensive management of green
spaces and the practical constraints of broader landowner investigation.



Figure 1. Map of Britain showing the approximate  Figure 2. Map of Britain divided into the Forestry
locations of the local authorities used in this study. Commissions’ provenance zones (ArcGIS
Online, 2016)

To ensure ecological representativeness, the Forestry Commission’s provenance
zone map (ArcGIS Online, 2016., Figure 2), which also correlates with climatic and
edaphic conditions that help capture the range of environments inhabited by different
wildflower species (Herbert et al. 1999), was used to guide local authority selection.
Within each provenance zone, up to three local authorities were included using ONS
regional boundaries (ONS Geography, 2022). Keyword searches (‘biodiversity’,
‘wildflower’, ‘planting’) were conducted on council websites to identify planting
schemes, biodiversity action plans, and relevant news items. Where species lists
were unavailable, councils were contacted directly using a standardized email
template explaining the research, which was the case for 23 of 39 authorities.

Native status list and rarity

From the initial list of 182 species, only native species were retained, excluding non-
natives and archaeophytes (11 archaeophytes and 51 non-natives) based on BSBI
Plant Atlas 2020 classifications. This ensured the focus remained on genotypes
reflective of the natural gene pool.

Species rarity was quantified using image analysis in Fiji/lmagedJ (Schindelin et al.,
2012), measuring the total pixel area of tetrad (2x2 km) squares from 2010 onwards
in BSBI distribution maps. This resolution provided a consistent basis for comparing
rarity across species. Scores for rarity and planting frequency were normalized and
aggregated using a weighted sum method (Tofallis, 2014), with a weighting of 0.7
assigned to rarity to prioritize conservation-relevant species (Rejeb-Mzah et al.,
2025), including those planted by very few (mostly one to three) councils with
considerable rarity that wouldn’t have been highlighted without this weighting.

The 30 species with the highest planting-frequency-rarity aggregate scores from this
ranking were selected for further analysis, focussing further investigation on the most
relevant species.



To infer potential hybridisation risk and its consequences, a correlation analysis was
conducted between planting frequency and species rarity, based on the premise that
frequent planting of rare species may amplify hybridisation risk (Sampson & Byrne,
2008; Aavik et al., 2014; Richards et al., 1999).

Planting proximity

To assess the relevance of planting locations, the proximity of each site to natural
populations of the same species was calculated, as a substantial natural population
of a species located near a planting site elevates the potential for hybridisation due
to enhanced spatial connectivity and close proximity (Sampson & Byrne, 2008; Aavik
et al., 2014; Richards et al., 1999). Planting sites identified through council
responses and online data were compared to Sites of Special Scientific Interest that
overlapped with tetrads containing verified species observations (BSBI distribution
maps). Distances were measured between centroids of planting locations and SSSls
and averaged per species.

SSSIs were chosen over general tetrad records due to regulatory requirements for
planting consultation within these areas (Natural England, 2024), reducing the
likelihood of including introduced populations. Two species (Myosotis alpestris and
Arabis alpina) were excluded from the investigation due to their extremely low spatial
proximity (an average of 314km vs 13.8km) to natural populations of the same
species. In these cases, the geographic isolation significantly reduces the likelihood
of interaction or gene flow with wild genotypes, making hybridisation with commercial
plantings ecologically implausible due to the absence of nearby conspecifics,
resulting in a final set of 28 species.

Further trait-based decision making

For the remaining characteristics investigated for these 28 species, qualitative
descriptions of these for each species were acquired. The main source for these
descriptions was the Ecoflora database (Fitter & Peat, 1994), as well as BSBI’s
Farmanagh accounts and BSBI Plant Atlas 2020, or published scientific literature for
where these details were otherwise absent.

To turn these descriptions into quantitative values for aggregation and analysis, they
were each assigned ordinal scores (Table 1) based on published scientific literature
evidence and judgement.

Table 1. Table describing the remaining trait criteria used in this investigation.

Trait Description Score range

Intraspecific variation The degree of genetic 0-5
and phenotypic diversity
observed among
individuals within a single
species, including




recognised subspecies
and ecotypes.

Dispersal ability The capacity of a plantto | 0-3
produce and effectively
distribute seeds across
the landscape.

Outcrossing rate The proportion of 0-6
reproduction that occurs
through cross-pollination
with other individuals of
the same species, rather
than through self-
fertilisation.

Pollinator specificity For insect-pollinated 0-4
species, this refers to the
diversity and identity of
insect taxa known to
facilitate pollination.

For variation, this was judged based on the number of known subspecies, ecotypes
and known phenotypic plasticity. For dispersal ability, this was based mostly on
number of seeds produced per flower/plant, seed size and the presence/absence of
specialized dispersal agents. For outcrossing rate, this mainly was based on dicliny
(floral sexuality) and dichogamy (timing of female and male reproductive elements at
maturity) as well as the presence/absence of self-incompatibility systems. For
pollinator specificity, this was mostly based on published observations of visiting
insects and floral morphology.

Composite scoring and Sensitivity Testing

The weighted sum method (Tofallis, 2014), widely used in multi-criteria decision-
making (e.g. Amabogha et al., 2023; Rehman & Khan, 2017), was employed to
aggregate trait scores. To address subjectivity in normalization and weighting, a
sensitivity analysis was conducted using four normalization techniques (min-max,
max, sum, vector) (Vafaei et al., 2022) and two weighting schemes (equal and
entropy weighting) (Zhu et al., 2020). Final species ranks were calculated as the
mean of ranks across all combinations of normalisation and weighting methods.

To support final species selection, a hierarchical cluster analysis was performed
using these mean rank values. A dendogram was generated using Past 5.2.2
software to visualise species rank similarity and grouping (Penn State Statistics
Online, 2025). The species within the highest-ranking cluster (the final 7 species)
were identified for the final literature review.

All rank calculations were performed in Microsoft Excel, and exploratory analysis
was conducted using Past 5.2.2 software.



Literature review of the final shortlist

A literature review was conducted for the final seven species using Google Scholar.
Searches combined Latin binomials with keywords including ‘introgression’,
‘population genetics’, ‘gene flow’, ‘local adaptation’, and ‘environmental correlations’.
This review informed species-specific assessments of genetic risk and other
restoration considerations.

Results

From consultations with 39 local authorities across Britain, 181 species of wildflower
were identified as having been planted, 120 of which are defined as native in Britain
(BSBI Plant Atlas 2020). The final shortlist are highlighted in Table 2, among the 28
species prioritized for further study based on the composite scores of the planting
frequency and species rarity analysis.

Table 2. Shortlisted 28 species trait and composite scores.

species Planting Relative Proximity to Intraspecific | Dispersal Outcrossing | Pollinator | Mean
frequency | rarity wild variance ability frequency specificity | weighted
populations sum rank

(2dp)

Echium 18 0.955813 0.44646 2 1 4 3 8.375

Vulgare L.

Galium 30 0.735348 0.78008 1 1 2 3 10

Verum L.

Silene 1 0.998977 0.534252 0 1 4 3 22.25

nutans L.

Leontodon 14 0.867 0.58151 0 2 4 2 13

hispidus L.

Knautia 20 0.882136 0.58113 1 0 3 2 19.875

Arvensis L.

Geranium 1 0.983504 0.5196 0 0 3 1 27.125

sanguineum

L.

Daucus 26 0.919044 0.47682 5 1 4 1 3.75

carota

Primula 28 0.82383 0.58686 1 0 5 3 9.625

Veris

Anthyllis 10 0.940358 0.62038 4 2 2 4 475

vulneraria

Campanula 7 0.989875 0.22558 2 2 2 1 18.75

glomerata

Ligusticum 2 0.991096 0.39157 0 1 2 2 26

scoticum

Geranium 21 0.874887 0.44721 3 1 5 2 6.25

pratense

Origanum 11 0.91754 0.66154 5 2 5 2 1

vulgare

Silene flos- 11 0.843725 0.66776 1 3 4 3 5.75

cuculi

Malva 18 0.880163 0.686831 2 0 3 2 15.5

moschata

Rhinanthus 20 0.782555 0.69997 4 2 2 3 2.875

minor

Betonica 14 0.89317 0.785865 1 0 1 3 21.625

officinalis

Silaum 3 0.981513 0.40545 1 0 1 1 27.875

silaus

Sanguisorba | 15 0.953485 0.45587 2 1 0 0 24.125

minor

Silene 9 0.93202 0.51358 3 1 3 3 11.5

vulgaris

Centaurea 9 0.932159 0.60663 1 3 6 2 3.875

scabiosa




Scabiosa 8 0.965709 0.45527 1 2 1 3 17.25
columbaria

Salvia 5 0.987673 0.4147 2 2 1 2 17.75
verbenaca

Sanguisorba | 3 0.949827 0.348 1 2 2 2 22
officinalis

Onobrychis 4 0.978024 0.41334 2 0 5 2 20.375
viciifolia

Serratula 2 0.982337 0.43421 3 2 4 1 10.875
tinctoria

Geranium 3 0.960836 0.3376 3 1 5 2 12.875
sylvaticum

Verbascum 2 0.986097 0.42383 0 1 6 2 20.375
nigrum

The final average ranks converged on a single branch of the dendogram, forming a
cluster of the highest ranking species according to the multi-criteria aggregation
framework (Figure 3).
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Figure 2. Cluster Analysis results showing a cluster of the final 7 species shortlist.
Seed Provenance and Supplier Practices

The use of genetically diverse, locally sourced seed in ecological restoration is
widely recognized as best practice, with numerous studies highlighting its importance
for maintaining adaptive potential and genetic integrity (Kiehl et al., 2014; Basey et
al., 2015). Despite this, only 2 out of the 39 councils investigated in this study
reported using directly sourced local-provenance seed in their planting schemes,
with one council only sourcing seed locally for one species which it planted.

This predominant use of commercially sourced wildflower seed is of particular
concern due to the current lack of regulation surrounding wildflower seed production
and use in the UK (Lyall, 2024). Suppliers are under no formal obligation to consider



provenance or genetic diversity, leaving buyers reliant on supplier claims.
Nevertheless, 44% (Table 3) of councils with known suppliers sourced seed from
companies that explicitly promote the use of wild and locally sourced material,
notably Emorsgate Seeds and Scotia Seeds. Emorsgate Seeds claim to offer
“‘completely wild” seed with guaranteed genetic variation (Emorsgate Seeds, 2024),
while Scotia Seeds provide provenance-traceable wild seed (Scotia Seeds, 2025).
One council, Denbighshire, went further by producing a bespoke local seed mix
directly from regional flora.

Table 3. Table showing the number of councils that sourced wildflower seeds/turf from the identified
suppliers/sources.

Supplier/source Number of councils that used the
supplier/source
John Chambers 2
Kew Garden
Scouse Flower House
Naturescape
Boston Seeds
Wildflower Turf
Pictorial meadows
Emorsgate Seeds
Origin Amenity
TurfOnline
MeadowMania
Landlife
Scotia Seeds
Rigby Taylor
Locally Sourced
Unknown
In contrast, other suppliers demonstrate minimal concern for provenance. Pictorial
Meadows, for example, prioritizes aesthetic appeal and includes many non-native
species in mixes with extended flowering seasons. Naturescape makes no mention
of provenance or genetic considerations, and Boston Seeds offers only limited
information too, although its species are primarily of native origin.
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A negative correlation (p < 0.01) was observed between species rarity and planting
frequency, suggesting that more commonly planted species tend to be less rare. This
may reduce immediate concern over genetic risks for frequently used species,
though it also highlights the underrepresentation of rarer species in public planting
schemes.

Sensitivity Testing and Scoring Robustness

Sensitivity testing was conducted to evaluate the stability of species rankings across
different normalization and weighting methods. Strong positive correlations (p < 0.01,
Table 4 & 5) were found between all normalization techniques (min-max, max, sum,
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vector) and both weighting schemes (equal and entropy, t=0.92278, p<0.01),
indicating methodological consistency.

Table 4. Correlations between the normalisation method rankings for all 28 shortlisted species

Spearman's rank correlation statistics (entropy weighting)

Normalisation | Min-max Max Sum Vector
method

Min-max 0.87302 0.92649 0.97314
Max 0.87302 0.96208 0.94505
Sum 0.92649 0.96208 0.98824
Vector 0.97314 0.94505 0.98824

Table 5. Correlations between the normalisation method rankings for all 28 shortlisted species

Spearman's rank correlation statistics (equal weighting)

Normalisation | Min-max Max Sum Vector
method

Min-max 0.97865 0.96442 0.97318
Max 0.97865 0.97318 0.9896
Sum 0.96442 0.97318 0.99124
Vector 0.97318 0.9896 0.99124

Species rankings within the final 7 species shortlist were generally robust. Across all
normalization and weighting combinations, the maximum variation in rank was four
positions. While most other species’ rankings remained stable, though with some
variation, across normalisation and weighting methods, Origanum vulgare
consistently held the top rank under every scenario.

One exception was Geranium pratense, which ranked higher under equal weighting
but fell outside the top seven when entropy weighting was applied.

Final shortlist and literature review
1. Origanum vulgare (Wild Marjoram/Oregano), Mean Rank: 1

Origanum vulgare is a perennial herb with highly colourful (mostly pink-purple) small

flowers arranged in a whorl inflorescence (Forbes, 2012a., Fitter & Peat, 1994). Its
extreme variability in floral colour and morphology has led to its classification as a
polymorphic species (Forbes, 2012a), thus scoring highly on variability. Its
reproductive traits, including protandry and self-sterility, contribute to a high
outcrossing rate (Fitter & Peat, 1994; Forbes, 2012a). In Britain and Ireland, four
subspecies are recognised: subsp. vulgare, hirtum, virens and viride (Forbes,
2012a). O. vulgare subsp. glandulosum has also been discussed below where
studies have been conducted the environmental variation of its populations.

Genetic studies support this variability. Microsatellite analysis comparing pre-
established and introduced populations found increased inbreeding coefficients in
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the latter (Alekseeva et al., 2020; Helsen et al., 2013). Provenance differentiation is
well documented in O. vulgare subsp. glandulosum, with significant genetic
structuring between populations (Mechergui et al., 2016). Looy et al. (2009) reported
high within-population diversity and strong differentiation between fragmented
populations, while Azizi et al. (2012) confirmed high genetic and chemical variability
among individuals. Tascioglu (2022) demonstrated effective use of molecular
markers to track gene flow.

Introgression has been observed between O. onites and O. vulgare subsp. hirtum
(Bariotakis et al., 2016), further supporting its hybridisation risk. Environmental
variability is also well documented as Gavalas (2011) identified distinct ecotypes of
O. vulgare subsp. hirtum, and Mechergui et al. (2017) showed that populations of O.
vulgare subsp. glandulosum can be discriminated morphologically and molecularly.
Chemical variation has been linked to geography (Goyal et al., 2021) and altitude
(Giuliani et al., 2013). Non-local provenance has been negatively correlated with
viability (Myagkikh et al., 2021; Kokkini et al., 1994).

2. Rhinanthus minor (Yellow Rattle), Mean Rank: 2.875

Rhinanthus minor is an annual hemiparasite widely used in restoration due to its
parasitic function (Houston & Wolff, 2012). It is highly variable, with numerous
ecotypes and variants (Forbes, 2012b).

Introgression has been observed with R. angustifolius (Wesselingh & Natalis, 2012;
Ducarme & Wesselingh, 2005, 2012; Ducarme et al., 2010), R. major (Wesselingh et
al., 2019; Mirzaei & Wesselingh, 2021), and R. serotinus (Kwak, 1980). Genetic
comparisons between UK and European populations showed minor differences, but
no clear structuring by subspecies or habitat (Houston & Wolff, 2012). Sullivan et al.
(2019) emphasized the need to maintain large populations to preserve genetic
diversity, especially in fragmented landscapes.

Microsatellite markers have been developed for population studies (Houston & Wolff,
2009). R. minor was found to have the second-lowest genetic variation among
Rhinanthus species (Talve et al., 2013), but displays ecotypic variation (Westbury,
2004). Restricted genetic variation has been shown to constrain elevational range
expansion (Ensing, 2019). Seed quality has been linked to restoration success and
plant fitness (Marin et al., 2018).

3. Daucus carota (Wild carrot), Mean Rank: 3.75

Daucus carota, is an umbellifer that may behave as an annual or persist for several
years before fruiting (Forbes, 2012c). It is widely planted and described as highly
variable, both environmentally and genetically, with polymorphic traits across
populations (Forbes, 2012c). Its cultivated relative (D. carota subsp. sativus) has
made it a model species for studying wild-cultivated introgression.
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Numerous studies document gene flow between wild and cultivated carrots.
Introgression has been observed at both molecular and phenotypic levels, with
hybrids persisting in natural habitats and cultivar alleles remaining detectable over
time (Hauser & Shim, 2007; Mandel et al., 2016; Umehara et al., 2005). Long-
distance pollen dispersal and high outcrossing rates contribute to this gene flow,
raising concerns about the genetic integrity of wild populations (Rong et al., 2010).
Hybridisation has also been shown to influence life history traits, including flowering
time and survival, with potential fithess consequences (Van Dijk et al., 2016).

Studies comparing wild and introduced populations reveal significant differences in
phenotypic traits (Reiker et al., 2020), while others report negligible genetic
differentiation and no clear signs of local adaptation, suggesting non-local
provenance may not always compromise restoration outcomes (Reiker et al., 2020).
However, the persistence of cultivar alleles and the ecological plasticity of D. carota
underscore the need for greater care with restoration strategies.

4. Centaurea scabiosa (Greater knapweed), Mean Rank: 3.875

Centaurea scabiosa is a perennial wildflower with high dispersal ability, producing
1,000-10,000 seeds per plant with pappus extensions (Fitter & Peat, 1994). It is
obligately outcrossing and self-incompatible, scoring highly on reproductive isolation
(Fitter & Peat, 1994).

Genetically, it exhibits low variation between populations, suggesting high gene flow
(Ehlers, 2008). However, within-genus hybridization has been documented (Vonica &
Cantor, 2011), indicating potential for introgression under certain conditions.

5. Anthyllis vulneraria (Kidney vetch), Mean Rank: 4.75

Anthyllis vulneraria is a usually perennial, highly polymorphic wildflower with up to 24
subspecies. Its wind-dispersed seeds and reliance on large bees for pollination
contribute to high scores in dispersal, variability, and pollinator specialization
(Forbes, 2012d).

Genetic studies reveal strong geographic structuring. Lukaszweska et al. (1978)
identified three genetically distinct groups, while Helsen et al. (2015) observed
spatial genetic structure and inbreeding in introduced populations. Subarctic
populations show both diversity and differentiation (Daco et al., 2022), with adaptive
differentiation along elevational and latitudinal gradients (Daco, 2023).
Environmental variation is a key driver of local adaptation (Kesselring et al., 2019),
supported by studies on demographic variation (Sterk, 1975) and individual
responses to environmental factors (Daco et al., 2021).

Introduced populations show lower genetic diversity but low differentiation,
suggesting high gene flow (Helsen et al., 2016). Habitat heterogeneity also
influences local adaptation (Kesselring & Schweiz, 2017).
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6. Silene flos-cuculi (Syn. Lychnis flos-cuculi, Ragged Robin), Mean Rank: 5.75

Silene flos-cuculi is a perennial wildflower with small terminal flowers and tubercled
seeds (Fitter & Peat, 1994) (with small cell protrusions or bumps on the seed surface
which may help seeds adhere to animal coats (Rodriguez-Lorenzo et al., 2023)),
contributing to high dispersal ability and proximity to planting sites.

Hybrid success and introgression within the genus have been documented (Jiang,
2011; Jiang et al., 2014; Kruckeberg, 1962).

Comparative studies between wild and introduced populations show genetic
distinctiveness and elevated inbreeding in the latter (Aavik et al., 2012). Conrady et
al. (2023) found rapid trait evolution in cultivated lineages. Fragmentation studies
consistently report negative impacts, including inbreeding depression and reduced
local adaptation (Vergnerie, 2006; Galeuchet et al., 2005; Rossum, 2009; Aavik et
al., 2013; Dulya & Mikryukov, 2015). Aavik et al. (2013) emphasized the importance
of spatially coherent population networks for maintaining genetic diversity.

However, Hauser & Loeschcke (1994) found no clear fitness relationship with
population size or isolation. Other studies explored environmental correlations
(Hoehn, 2006), outbreeding effects (Leimu & Fischer, 2010), and linear fitness
decline with increased inbreeding (Hauser & Loeschcke, 1995). Regional adaptation
and restoration failure of non-local populations were reported by Bucharova et al.
(2016), while seed quality varied significantly by origin (Biere et al., 1989).

Phenological and fitness differences between sown and natural populations support
the use of local seed (Aavik et al., 2013; Biere, 1991), echoed by Bowman et al.
(2008). Gene flow between natural and sown populations was low, likely due to
landscape connectivity (Aavik et al., 2013). Physiological differences among
genotypes were also observed (Biere, 1991; Biere, 1996). Genetic studies identified
polymorphic loci useful for population tracking (Galeuchet et al., 2002). Geographic
correlations in germination were noted (Thompson, 1970).

7.Geranium pratense (Meadow cranesbill), Mean Rank: 6.25

Geranium pratense is a perennial wildflower scoring highly in outcrossing rate and
planting frequency due to its gynodioecious and protandrous reproductive system
(Fitter & Peat, 1994). Its large, vibrant flowers enhance pollinator attraction and
restoration appeal (Conrady et al., 2023).

Interspecific hybridisation within the genus has been demonstrated, with embryo
rescue and AFLP markers confirming successful crosses and hybrid viability
(Akbarzadeh et al., 2024). Genetic distance between parental species has been
shown to predict hybrid success, with a threshold value (Jaccard < 0.8) facilitating
viable offspring (Akbarzadeh et al., 2021).
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Despite its high outcrossing rate, G. pratense exhibits limited gene flow and strong
spatial genetic structure, with significant differentiation among populations and
evidence of adaptive divergence (Michalski & Durka, 2012). These findings support
the use of locally adapted seed sources and caution against broad provenance
mixing in restoration contexts.

Discussion

This study reveals a critical issue in current restoration practice: while a substantial
proportion of councils source wildflower seed from suppliers that claim to prioritize
local provenance and genetic diversity, the species being planted often exhibit traits
that heighten their vulnerability to intraspecific hybridisation. Among the 28 species
examined (Table 1), many are relatively rare or geographically scattered, and several
display high outcrossing rates, documented polymorphism, or histories of
introgression, all of which increase the likelihood of genetic mixing when planted
near wild populations.

These findings carry important biological implications. Restoration schemes that
overlook species-level genetic risk may inadvertently facilitate the erosion of local
genotypes, disrupt adaptive trajectories, or introduce maladaptive alleles into wild
populations (Bischoff et al. 2010, Keller et al, 2001). The presence of traits that
elevate hybridisation risk and significance in commonly planted species underscores
the need for restoration decisions to be informed not only by aesthetic or ecological
function, but by evolutionary and genetic considerations.

While considerable effort was made to ground trait scoring in published scientific
literature and ecological reasoning, some limitations remain. The conversion of
qualitative trait descriptions into quantitative scores required subjective judgment,
and these scores should be interpreted as relative indicators rather than absolute
measures of risk. Additionally, the weighted sum aggregation method used to rank
species is one of several available in multi-criteria decision analysis, and no
universal consensus exists on the optimal approach. However, given its simplicity
and transparency, the method was deemed appropriate for this exploratory study.

Beyond local authorities, many seed suppliers also sell to private individuals and
corporate clients who may unknowingly distribute wildflowers with inappropriate
genetic profiles. Although these plantings occur at smaller scales, their cumulative
impact, particularly in fragmented landscapes or near sensitive populations, warrants
further investigation. Future research should assess the genetic consequences of
non-regulated planting across sectors, including commercial landscaping and
community-led greening initiatives.

The absence of regulatory standards for wildflower seed provenance and genetic
quality represents a significant gap in UK biodiversity policy. Without clearer
guidance or enforcement mechanisms, restoration efforts risk becoming ecologically
damaging, and genetically disruptive. To safeguard the integrity of wild plant
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populations, restoration must become a scientifically grounded practice that respects
the genetic and ecological complexity of the species it seeks to conserve.

Conclusion

This study developed and applied a multi-criteria scoring framework to assess
hybridisation risk between wild and commercial wildflower populations across 28
wildflower species. By including seven criteria: planting frequency by local councils,
species rarity, proximity to protected areas, intraspecific variation, dispersal ability,
outcrossing rate, and pollinator specificity, the framework enabled species
prioritization grounded in both published literature and original data collection.
Beyond species-specific rankings, the study also considered generalised
hybridisation risk across the full cohort, revealing broader hybridisation vulnerability
and ecological concerns.

Seven species: Daucus carota, Geranium pratense, Origanum vulgare, Centaurea
scabiosa, Anthyllis vulneraria, Silene flos-cuculi, and Rhinanthus minor, emerged as
particularly significant. Each exhibited complex trait profiles, each with a unique set
of distinguishing criteria. Their elevated composite scores reflect not only species-
level risk but also broader themes identified in the scientific literature, such as the
importance of genetic diversity, the risks of population fragmentation as well as close
population proximity, and the ecological consequences of provenance mismatch.
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