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Abstract

Summer abiotic stresses typical of Mediterranean agro-environments, now exacerbated by
climate change, reduce floral resource availability and further compromise the survival
of pollinators already threatened in the so-called Anthropocene. The aim of this study
was to evaluate several summer-blooming wildflower species, collected from ecologically
disturbed and diversified habitats, in order to assess their ecological role in attracting polli-
nators within agroecosystems. The primary dormancy typical of wild species seeds was
partially overcome through appropriate pre-sowing seed treatments, while secondary dor-
mancy was reduced by soil rolling after sowing. Soil rolling proved particularly beneficial
for species with very small seeds, highlighting the importance of adequate seed—soil con-
tact for successful establishment. All tested species exhibited summer flowering between
May and July, with some flowering later in the season, and showed high attractiveness to
pollinators both in terms of abundance and taxonomic diversity. However, this ecosystem
service declined significantly in the second year, although certain species demonstrated a
strong capacity to persist and to maintain satisfactory pollinator attractiveness over time. In
conclusion, while the experiment revealed several critical aspects, it also provides encourag-
ing prospects for further research aimed at enhancing pollinator survival in agroecosystems
that are severely threatened by pollinator decline.

Keywords: plant-insect mutualism; biodiversity restoration; wildflower strip; resilience to
climate change; sustainability

1. Introduction

One of the major environmental challenges of the new millennium is the progressive
decline in pollinators [1] and the consequent loss of the ecosystem services they pro-
vide [2]. This threat is not only environmental but also economic [3], as the productivity of
many entomophilous crops [4] relies heavily on pollinator activity, thereby raising serious
concerns for food security [5,6].

Pollinator decline results from a wide range of drivers, often related to agricultural
practices. These include not only the use of pesticides [7], but also the progressive sim-
plification of cropping systems [8], characterized by increasingly short crop rotations
and the reduction or loss of insect-pollinated forage crops, particularly those belonging
to the highly valuable Fabaceae family [9]. In addition to the erosion of crops rich in
pollen and nectar, there is also a marked decline in insect-pollinated weeds which, despite
representing an agronomic constraint, historically contributed to sustaining pollinator
populations [10]. Habitat quality could be improved through effective monitoring with
target-oriented indicators and by incentivising collaboration among land managers to
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support spatially targeted management [11]. Even flowering plants in urban gardens,
embedded within the landscape mosaic, may contribute to the persistence of pollinator
biodiversity [12,13].

The economic constraints, or even the impracticality, of reintroducing cropping sys-
tems that predate the so-called “Green Revolution” necessitate the development of agro-
nomic strategies capable of supporting the survival of a wide range of pollinating insects.
In particular, the inability to revert to pre-Green Revolution agricultural systems [14] high-
light the need for practices that ensure prolonged flowering periods within agroecosys-
tems [15]. For this reason, especially in highly industrialized countries dominated by
conventional cropping systems [16], wildflower strips have been established along self- or
wind-pollinated arable crops [17] or orchards [18]. The plant species selected for these mul-
tifunctional strips [19] are typically wild taxa [20,21], often collected from the surrounding
local areas [22,23] or, at a minimum, native to the target environment [24], and may also in-
clude insect-pollinated weed species. Among these, the most suitable species for agronomic
use are wildflower weeds that have persisted mainly in hilly and/or mountainous agroeco-
logical refugia, where traditional cropping systems have been maintained [25]. However,
the limited availability of floral resources during the summer months, particularly in
Mediterranean environments characterized by high temperatures and drought, conditions
frequently exacerbated by climate change [26], remains a major challenge. Consequently,
ensuring pollinator survival during the summer period within agroecosystems is of crit-
ical importance. In this context, several herbaceous species adapted to heat and water
stress are widely distributed across Mediterranean landscapes, largely as a result of their
pronounced spatial heterogeneity [27]. Consequently, the use of these species in the de-
sign of summer-flowering wildflower strips may be of primary importance. However,
their agronomic management remains poorly understood. Although several studies have
investigated their germination ecology under laboratory conditions [28], information on
germination and seedling emergence following field sowing is still scarce, particularly in
Mediterranean environments [29]. In addition, their agronomic use is constrained not only
by the presence of primary seed dormancy, which is typical of many wild species [30], but
also by soil-mediated inhibitory effects after sowing, which may induce secondary dor-
mancy [31]. These constraints are exacerbated in clay-textured soils, especially for species
with very small seeds [32], which require highly accurate seedbed preparation [33].

A further challenge arises from competition with pre-existing weeds originating from
soil seed banks [34]. Moreover, the temporal sustainability of wildflower strips, often
limited to a short-duration in the time [35], is compromised by the poor self-reseeding
capacity of many wildflower species [36] and depends largely on the resilience of perennial
species [37].

The objectives of this experiment were as follows: (i) to evaluate the performance of
sown summer-flowering wildflower strips; (ii) to quantify their attractiveness to pollinators
and assess the associated level of pollinator biodiversity; and (iii) to examine the temporal
sustainability of each wildflower species during the second year after sowing.

2. Materials and Methods
2.1. Plant Material

Fifteen herbaceous wild species (Table 1) were selected for this study based on three
main criteria: (i) their widespread occurrence within and/or in the surroundings of dif-
ferent agroecosystems; (ii) the evident evolutionary development of their flowers toward
pollinator attraction; and (iii) their flowering period occurring also, or exclusively, during
the hottest midsummer months. The showy corollas of all fifteen wildflower species are
illustrated in Figure 1.
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Figure 1. Flowers of the fifteen tested wildflowers species: (1) = A. cannabina. (2) = A. radiatus. (3) = C.
transsylvanica. (4) = C. inthybus. (5) = C. regalis. (6) = C. varia. (7) = D. carota. (8) = D. carthusianorum.

(9) = H. perforatum. (10) = L. punctata. (11) = M. sylvestris. (12) = S. columbaria. (13) = S. ochroleuca.
(14) = S. germanica. (15) = V. sinuatum.

Table 1. Botanical and ecological information and seed collection environment of the fifteen species
tested as summer wildflowers (H = hemicryptophyte, T = Terophyte). The 1000 seed weight values
are followed by =+ standard error of the means.

Wildflower Species Botanic Family \}\(I)(?l(;:te fgd) E::érg?ll;:g;:; Life Cycle
Althaea cannabina L. Malvaceae 4.24 +£0.32 Roadside H
Anacyclus radiatus Loisel. Asteraceae 0.12 £ 0.01 Crop edges T
Cephalaria transyloanica (L.) Roem. Dipsacaceae 5.25+0.43 Roadside T
and Schult.
Cichorium intybus L. Asteraceae 1.58 £ 0.14 Crop edges H
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Table 1. Cont.

Wildflower Species Botanic Family 3\(7):1(;}?: (egd) g::;rocgrlrl‘:é;::rf Life Cycle
Consolida regalis Gray Ranunculaceae 1.52+0.15 Crop edges T
Coronilla varia L. Fabaceae 4.58 £ 0.36 Roadside H
Daucus carota L. Apiaceae 122+ 0.16 Arid grassland H
Dianthus carthusianorum L. Caryophyllaceae 1.35+0.21 Grasslands H
Hypericum perforatum L. Hypericaceae 0.18 = 0.02 Pastures H
Lavatera punctata L. Malvaceae 5.45 + 0.42 Crop edges T
Malva sylvestris L. Malvaceae 3.98 £ 0.34 Crop edges H
Scabiosa columbaria L. Dipsacaceae 2.44 +0.22 Arid grassland H
Scabiosa ochroleuca L. Dipsacaceae 1.96 £ 0.18 Arid grassland H
Stachys germanica L. Lamiaceae 1.32+0.12 Grasslands H
Verbascum sinuatum L. Scrophulariaceae 1.254+0.01 Crop edges H

In early autumn 2021, senescent flowers or inflorescences of each selected species
were collected from various Mediterranean agro-environments (Figure 2) specified in the
above-mentioned Table 1. Seeds were extracted in the laboratory from the corresponding
senescent floral tissues, then cleaned, dried to a maximum moisture content of 12%, and
stored in glass jars at 20 °C under 50% relative air humidity.

Figure 2. Example of environment of seed collection of one of the fifteen wildflower species
studied (in this case Verbascum sinuatum) where the summer aridity typical of the Mediterranean
environment is evident.

2.2. Agronomic Environment

The trials were conducted in the experimental fields of the Department of Agriculture,
Food and Environment at the University of Pisa (43°40'39” N, 10°19'46" E), Italy. The soil
was classified as a Xerofluvent with a sandy loam texture, characterized by 70% sand, 18%
silt, and 12% clay, a pH of 7.5, and an organic matter content of 1.8%. The climate of this
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Mediterranean environment is characterized by an average annual rainfall of approximately
800 mm, mainly concentrated in autumn and spring, and by typically hot and dry summers.
Mean minimum and maximum daily air temperatures during the spring—summer period
range as follows: May, 14/24 °C; June, 18/28 °C; July, 20/30 °C; August, 20/30 °C; and
September, 16/26 °C (minimum/maximum, respectively).

Rectangular plots (2 x 10 m) were established in an area adjacent to maize fields in order
to minimize potential interference from pollinators associated with insect-pollinated crops.

2.3. Laboratory Evaluation of Seed Germination and Treatments to Remove Dormancy

Seeds of all species were subjected to germination tests. For each species, seeds were
imbibed on a single sheet of moistened filter paper (Whatman No. 1; 7 mL of distilled
water) and placed in 12 cm diameter Petri dishes (50 seeds per dish). Incubation was carried
out in climate-controlled growth chambers under alternating temperatures of 15/25 °C,
corresponding to dark/light conditions, respectively, with a 12 h/12 h photoperiod. Illumi-
nation (approximately 50 pmol m~2 s~1) was provided by fluorescent lamps (Philips THL
20W /33, Eindhoven, The Netherlands).

Germination was recorded daily, and seeds were considered germinated upon radicle
emergence, reaching a length of 2 mm. Germination trials were terminated when final
germination percentages were attained for each species, defined as the absence of further
germination for at least one week.

Following these preliminary tests, seeds of each species were subjected to different
dormancy-breaking treatments (scarification, washing, or chilling) selected on the basis of
previous studies [38]. The seed treatment protocols were as follows: (i) mechanical scarification
by gently rubbing seeds with sandpaper for approximately 1-2 min; (ii) seed washing in running
water for 12 h; and (iii) cold stratification (chilling) in moistened Petri dishes at 4 °C for 2 weeks.
All species were subjected to each treatment; however, only those treatments that resulted in the
highest dormancy-breaking effectiveness are reported in this study.

2.4. Seed Weight

Seed weight (or fruit weight, in the case of achenes from Asteraceae, Dipsacaceae, and
Apiaceae) was determined by weighing 1000 randomly selected seeds in accordance with
the International Seed Testing Association (ISTA) rules for seed testing [39].

2.5. Preliminary Stale Seedbed Preparation on Experimental Plots

In October 2021, March 2022, and July 2022, three “stale seedbed preparation” in-
terventions were carried out to reduce the soil seed bank in each selected experimental
plot. This preventive agronomic strategy, designed to induce the germination of buried
seeds, consisted of two rotary harrow (about 10 cm deep) passes (one in autumn, one in the
following spring and the last one in the subsequent late summer) applied to each of the
fifteen experimental plots. This management practice aimed to minimize the unavoidable
interference between the experimental wildflowers and pre-existing weed species.

2.6. Preliminary Seedling Emergence Test of Treated Seeds with or Without Soil Rolling

To obtain a uniform plant density, treated seeds were tested under field conditions
using real soil sowing. The experiment was conducted in October 2021. For each plant
species, the seed dose and the seedling emergence dynamics of the treated seeds were eval-
uated. Sowing was performed using the treated seeds that had shown the best germination
performance in laboratory in vitro tests for each wildflower species.

Seeds were sown manually at a density of 500 seeds m~2, calculated on the basis of
the thousand-seed weight of each species, in order to subsequently evaluate the emergence
rate (number of emerged seedlings per number of seeds sown). Each experimental plot
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(2 x 10 m) for the fifteen plant species (15 species x 3 replicates, total 45 plots) was divided
into two subplots to assess the effect of soil rolling. Soil rolling was applied only to one
half of each plot using a manual roller (68 kg, 0.5 m wide).

After manual sowing, soil rolling was carried out on half of the plotsafter used to evaluate
pollinator attractiveness. This treatment was applied to assess the effect of this agronomic
practice on soil-seed contact and, consequently, on seedling emergence dynamics.

Seedling emergence dynamics of all wildflower species were assessed two months
after sowing (December 2021) by placing ten square metal frames (0.5 x 0.5 m) per subplot
on the experimental plots, both with and without soil rolling.

2.7. Wildflower Field Sowing

In the first ten days of October 2022, following preliminary seed germination and seedling
emergence tests, sowing of fifteen wildflower species was carried out based on the actual
seedling emergence rate of each species. To achieve a uniform plant density, the sowing rate for
each species was calculated by taking into account the 1000-seed weight (proportionally) and
the emergence rate of treated seeds (inversely). Seedbed preparation consisted of two successive
passes with a rotary harrow to create fine soil aggregates, thereby optimizing the germination
of small seeds, as reported in previous studies [40]. Immediately after sowing, soil rolling was
performed. The target overall wildflower density was 100 plants m~2. Each species was sown
individually within each experimental plot in order to better assess both emergence dynamics
and subsequent pollinator visitation. The experimental design was a randomized complete
block with three replicates per species (15 species x 3 replicates, for a total of 45 plots). Mean
air temperatures during October, November and December 2023 were 16.5 °C, 11.9 °C and
8.0 °C, respectively.

2.8. Flowering Dynamics

For each of the fifteen wildflower species, ten randomly selected individuals were
tagged with paper labels to monitor flowering dynamics over time (from May to September).
Flowering data were recorded as the onset (first open flower) and end of the flowering
period throughout the experimental duration. Observations for each wildflower species
were collected twice a week. Flowering dynamics were also assessed during the second
and third year; however, since no statistically significant differences were detected between
the two experimental years, data from both years (2023 and 2024) were pooled for analysis.

2.9. Evaluation of Flower Visitors of the First Experimental Year

Pollinator activity—defined as insects repeatedly visiting flowers with clear flower—
pollinator contact (with evident food collection)—was assessed during the flowering peri-
ods (May-September) of both experimental years (2023 and 2024). The climatic parameters
recorded during the experimental biennium were consistent with the above-mentioned
long-term climatic averages. Data were collected using a 1 m? plastic frame placed at the
center of each plot. Pollinators landing on flowers within this area and showing evident
pollen and/or nectar foraging behavior were observed, identified (within the taxonomic
categories listed below), and counted. Pollinators were classified into the following groups:
honey bees (Apis mellifera), solitary bees, bumblebees, Diptera (Syrphidae, Bombyliidae, or
Tachinidae), Lepidoptera, and Coleoptera.

Observations were conducted weekly throughout the entire flowering period during
the morning hours (07:00-11:00 h), as pollinator visitation rates decline during warmer
periods of the day (personal observation). Each observation was performed for each of the
45 experimental plots (15 wildflower species x 3 replicates). Observations were conducted
from a distance of at least one meter in order to avoid interference with pollinator visitation
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dynamics. Pollinator visitation was expressed as flower visits m~2 h™~! for each wildflower
species, and the relative proportion of each pollinator group was calculated.

Pollinator visits were recorded for all wildflower species in both years (2023 and
2024). However, data from the second year were expressed as the reduction in flower visits,
reflecting the expected decrease in plant density.

2.10. Agronomic Management After the First Experimental Year

After reaching the phenological stage of complete senescence (October 2023), each
wildflower plot was subjected to vegetation shredding. The senescent wildflower plots
were shredded using a standard on-farm shredder with the plant residues left in the field.
This agronomic disturbance was implemented to assess the re-colonization capacity of the
different wildflower species and to evaluate their survival and/or self-seeding potential in
the second year, as well as the persistence of the ecosystem services provided by pollinators.

2.11. Evaluation of Plant Density in the Second Experimental Year

During the winter following vegetation shredding (January 2024), the density of
disturbance-resilient seedlings (perennials) and self-sown seedlings (annuals and perennials)
was evaluated. The plant density of each plant species was evaluated in spring (April 2024) by
placing the above cited square metal frame (0.5 m) in each experimental plot.

2.12. Calculation of Diversity Index of Pollinator Communities

Data of the pollinators of both experimental years (2023-2024) were used to calculate
the Shannon diversity index (H') as follows:

k

H' = —Yp; log p;
=1

where k is the number of plant or pollinator species, and p; is the fraction of individuals
belonging to the i-th each wildflower community or pollinator species. Biodiversity indices
of pollinator visits in the second year were shown to decline compared to the previous year
following the inevitable and expected decline in the sustainability of blooms over time.

2.13. Statistical Analyses

All experiments were conducted using a randomized complete block design with three
replicates. After testing for homogeneity of variances, percentage data were subjected to an
arcsine square-root transformation to normalize their distribution [41]. Both transformed
percentage data and untransformed non-percentage data were analyzed by analysis of
variance (ANOVA). Mean separation was performed using Duncan’s Multiple Range Test
atp <0.05and/orp <0.01.

The variables analyzed about seed germination and seedling emergence were as
follows: (i) wildflower seed treatment; (ii) soil rolling after sowing. The other variables
analyzed about pollinators were as follows: (i) total number of visitors (visits m~2h1);
(if) pollinator biodiversity across different functional groups (honey bees, other bees, bum-
blebees, Diptera—Syrphidae, Bombyliidae, or Tachinidae—Lepidoptera, and Coleoptera);
and (iii) plant density and biodiversity loss in the second year.

In addition, linear regressions were performed between the 1000-seed weight of the fifteen
wildflower species and the relative percentage improvement in seedling emergence attributable
to soil rolling. All statistical analyses were carried out using CoHort software 6.4 (Minneapolis,
MN, USA).
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3. Results
3.1. Seed Germination and Dormancy-Breaking Treatments

All species investigated exhibited seed dormancy (Table 2). None of the fifteen species
reached 50% germination when incubated without any pre-treatment. The degree of dormancy
was strongly species-dependent, ranging from 15.5% in Consolida regalis to 48.1% in Cephalaria
transsylvanica. However, dormancy was consistently alleviated by appropriate seed treatments,
all of which resulted in statistically significant improvements (p < 0.01 or p < 0.05).

Table 2. Germination of the fifteen wildflower species before and after seed treatment. Means (1 = 4)
are followed by + standard errors. The statistical significance M) is reported: * = significant for
p < 0.05, ** = significant for p < 0.01 according to the Duncan’s Multiple Range Test.

Germination Before Germination After Statistical

Wildflower Species Seed Tﬁ/eoatment Seed Treatment Seed Tf)zatment Significance 1
Althaea cannabina 232420 Scarification 76.5 +5.2 **
Anacyclus radiatus 37.5+28 Washing 523 +3.8 *
Cephalaria transsylvanica 48.1+4.2 Washing 75.6 & 6.2 *
Cichorium intybus 35.6 £2.9 Washing 64.2 £5.6 **
Consolida regalis 155 £2.0 Chilling 545+ 43 **
Coronilla varia 25.6 2.2 Scarification 88.51+7.3 >
Daucus carota 38.4 £ 3.6 Washing 65.4 =44 *
Dianthus cartusianorum 474 + 3.8 Chilling 722+6.2 **
Hypericum perforatum 28.7+£2.3 Chilling 414 £3.5 *
Lavatera punctata 214 +1.9 Scarification 882+74 **
Malva sylvestris 246 £2.0 Scarification 922 +£85 **
Scabiosa columbaria 35.7+3.1 Washing 773 £ 6.1 *
Scabiosa ochroleuca 384+34 Washing 755+ 45 **
Stachys germanica 325+28 Chilling 66.2+5.8 **
Verbascum sinuatum 185+ 1.6 Chilling 5154238 *

Seed scarification was the most effective treatment for the three species belonging
to the family Malvaceae (Althaea cannabina, Lavatera punctata, and Malva sylvestris), with
post-treatment germination rates of 76.5%, 88.2%, and 92.2%, respectively, as well as for
Coronilla varia (88.5%) of the family Fabaceae. Seed washing was effective in three Dip-
sacaceae species (Cephalaria transsylvanica, Scabiosa columbaria, and Scabiosa ochroleuca),
resulting in germination rates of 75.6%, 77.3%, and 75.5%, respectively, and in two Aster-
aceae species (Anacyclus radiatus and Cichorium intybus), with germination rates of 52.3%
and 64.2%, respectively.

Finally, cold stratification (chilling) effectively promoted germination in Consolida re-
galis (54.5%), Daucus carota (65.4%), Dianthus carthusianorum (72.2%), Stachys germanica
(66.2%), and Verbascum blattaria (51.5%), belonging to the families Ranunculaceae, Apiaceae,
Caryophyllaceae, Lamiaceae, and Scrophulariaceae, respectively.

3.2. Seedling Emergence Test

Despite the aforementioned dormancy removal, sowing in a soil matrix reduced seed
germination and seedling emergence (Table 3). With the exception of M. sylvestris, which
reached a seedling emergence of 53.7%, all other species showed emergence values below 50%
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when soil rolling was not applied after sowing. In particular, Anacyclus radiatus and Verbascum
sinuatum exhibited seedling emergence below 20%.

Table 3. Seedling emergence % of treated seed (see Table 2) of the fifteen wildflower species. Means
(n = 4) are followed by + standard errors. The statistical significance (1) is reported: * = significant for
p < 0.05, ** = significant for p < 0.01 according to Duncan’s Multiple Range Test.

Wildflower Species

Seedling Emergence

% Statistical Significance 1

Sowing Without Soil Rolling Soil Rolling After Sowing

Althaea cannabina 46.5 £ 4.2 545+ 3.2 *
Anacyclus radiatus 143 +3.8 35.6 £2.5 **
Cephalaria transsylvanica 55.6 £5.2 612 +53 *
Cichorium intybus 344436 452+ 5.6 *
Consolida regalis 244 +£22 352+£33 *
Coronilla varia 492 +43 583 +4.1 *
Daucus carota 282 +24 38.1+3.0 *
Dianthus cartusianorum 352432 722+ 6.2 **
Hypericum perforatum 221435 458 +3.2 **
Lavatera punctata 45.6 = 4.4 55.0 =44 *
Malva sylvestris 537+ 4.5 653 +55 *
Scabiosa columbaria 495+41 58,5+ 5.1 *
Scabiosa ochroleuca 453 £2.5 53.8 +4.2 *
Stachys germanica 222+138 437 +£3.7 **
Verbascum sinuatum 154£12 383+ 1.8 **

However, soil rolling after sowing significantly increased seedling emergence dy-
namics across species (p < 0.01 or p < 0.05). The most pronounced effects (p < 0.01) were
observed in A. radiatus, Dianthus cartusianorum, Hypericum perforatum, Stachys germanica,
and Verbascum sinuatum. The positive effect of soil rolling was closely associated with seed
unit weight. Linear regression analysis between the percentage increase in seedling emer-
gence induced by soil rolling and the 1000-seed weight revealed a significant correlation
(p < 0.05) and a relatively high R? value (Figure 3).

801 Y =-6.68 X +45.58

60- R2=0.63

40-

20+

0

Emergence improvement
by soil rolling (%)

0 1 2 3 4 5 6
1000 seed weight (g)

Figure 3. pLinear regression between 1000 seed weight (g) of the fifteen wildflower species and
the relative seedling emergence improvement percentage due to soil rolling. The relative equation
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(significant at p < 0.05), the R? values and the 95% confidence levels are reported.

3.3. Wildflower Flowering Dynamics

As expected, the flowering period of the fifteen species started in May and extended
over the subsequent two months (Table 4). Approximately half of the tested species
completed flowering by August. In contrast, the three species belonging to the family
Dipsacaceae (Centaurea transsylvanica, Scabiosa columbaria, and S. ochroleuca), together with
Daucus carota (Apiaceae), continued flowering into September. Finally, two of the three Mal-
vaceae species (Althaea cannabina and Malva sylvestris) persisted in flowering until October.

Table 4. Calendar of the flowering dynamics (e = flowering month of the studied species) of the
tested wildflowers during the experimental periods.

Flowering Period (Months of the Year)

Wildflower Species
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
Althaea cannabina . ° ° ° . .
Anacyclus radiatus . . .
Cephalaria . . . . .
transsylvanica
Cichorium intybus . . . .
Consolida regalis ° . °
Coronilla varia . ° .
Daucus carota . ° ° ° .
Dianthus
cartusianorum * ¢ ¢
Hypericum perforatum . . .
Lavatera punctata ° . °
Malva sylvestris . . . . . .
Scabiosa columbaria . ° ° . .
Scabiosa ochroleuca ° . ° ° °
Stachys germanica . . .
Verbascum sinuatum . ° ° °

3.4. Pollinator Flower-Visit Quantity and Biodiversity During the First Experimental Year

As expected, June and July showed the highest visitation rates (Table 5), with 40.7 and
46.2 visits m~2 h~1, respectively. Visitation significantly decreased (p < 0.05) in the following
month, August (28.0 visits m~2 h~!). Although quantitatively lower, the early (May) and
late (September) sampling periods also exhibited satisfactory visitation rates (9.8 and
18.7 visits m~2 h~!, respectively), indicating a prolonged period of pollinator activity.

Considering the entire experimental period (May-September), the two species be-
longing to the Dipsacaceae family (C. transsylvanica and S. columbaria) showed the highest
visitation rates (240.0 and 187.7 visits m~2 h™!, respectively). High pollinator attractiveness
was also observed in another Dipsacaceae species (S. ochroleuca, 156.3 visits m~2 h™1), two
Malvaceae species (M. sylvestris and A. cannabina, 164.2 and 153.1 visits m~2 h~!, respec-
tively), and Daucus carota (Apiaceae, 161.2 visits m~2 h~1). All remaining species exhibited
lower, yet still satisfactory, attractiveness to pollinators, as visitation rates consistently
exceeded 100 visits m 2 h~L.
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Table 5. Flower visit rate (number m~2 h=2) observed during each month of the blooming period
(May-September) and total visitation rate (during all experimental period) detected in each of the
fifteen wildflower species. Means (1 = 10) are followed by =+ standard errors. Means with the same
letter within a row (flower visitation rate during the experimental months) or within a column (total
visits rate) indicate no statistical difference (p < 0.05) according to the Duncan’s LSD test.

Flower Visitation Rate

Wildflower Species (Visits m—2 h—1) Total Visitation Rate
May June July August September (Visits m™> h™2)
Althaea cannabina 43+01a 245+0.1Db 443+0.1c 502+0.1c 298 +0.1b 153.1£124c¢
Anacyclus radiatus 183+ 13b 387+29c¢ 284 +23b 214+21Db 108+t11a 1176 £10.1 a
Cephalaria transsylvanica 102+ 11a 435+39c¢ 685+£5.0c 755+41c 423 +40Db 240.0 £20.6 e
Cichorium intybus 55+04a 356 +29c¢ 553 +4.3d 243+21c 184+1.1Db 139.1 £ 12.8b
Consolida regalis 224+16Db 452 +£29c 416+23c 206 £2.1b 55+11a 135.3 £ 10.1b
Coronilla varia 105+11a 389+32c¢ 445+ 36¢ 158+ 1.6b 40+03a 113.7 £ 114 a
Daucus carota 152+ 12a 286+21b 483 £3.8c¢ 435+3.6¢c 25.6+22b 1612+ 10.1¢
Dianthus cartusianorum 63+04a 356+31c 38.4+33c 223+£21b 189+ 15b 1215+ 122a
Hypericum perforatum 58+03a 383+25¢ 352+29c¢ 158+ 1.1b 11.5+03a 1153 +10.1a
Lavatera punctata 44+03a 53.3+39c¢ 502+42c 108 £1.8b 49+13a 125.0 =126 a
Malva sylvestris 195+15a 432+£39b 424+37b 366 +3.1b 225+21a 1642 £14.2c¢
Scabiosa columbaria 122+12a 51.3+3.6¢c 55.2+49c 382+25b 308+11b 187.7 £16.6d
Scabiosa ochroleuca 53+04a 404 £30c 458 £3.6¢ 423 £40c 225+21b 156.3 £ 13.8 ¢
Stachys germanica 35+03a 60.5+22c 60.2 £43Db 192 +£35b 115+1.0b 155.0 +13.2¢
Verbascum sinuatum 40+04a 335+31c 354 +£33c 31.3+28¢c 183+ 1.6b 1225+ 114a
Means 9.8+1.1a 40.7 £39d 462 +4.4d 28.0+27c¢ 187+ 19b 1472 £12.8
The fifteen wildflower species differed in their attractiveness to the eight pollinator
categories considered (Table 6). Honey bees were the predominant visitors of C. intybus,
A. cannabina, S. columbaria, and D. carota, accounting for 52.8%, 45.3%, 37.4%, and 35.7% of
total visits, respectively. In contrast, solitary bees were the main visitors to C. transsylvanica,
H. perforatum, M. sylvestris, and S. columbaria (41.5%, 41.2%, 32.8%, and 32.4% of visits,
respectively). Bumblebees were predominant on V. sinuatum and S. germanica (41.2% and
40.4%, respectively), whereas syrphid flies were the most frequent visitors—though less
consistently—to S. ochroleuca and D. cartusianorum (14.2% and 13.2%, respectively). Other
dipteran groups (Bombyliidae and Tachinidae) and beetles were less active, never exceeding
10% of total visits. Conversely, Lepidoptera, although generally infrequent across most
species, were markedly predominant on D. cartusianorum (44.3%) and, to a lesser extent, on
A. radiatus (26.4%). Figure 4 illustrates some of the most frequent pollinator visits recorded
for each of the fifteen wildflower species.
Table 6. Flower visits percentages by different pollinator groups (Bees, Solitary bees, Bumblebees,
Diptera syrphydae, Diptera bombyliide, Diptera tachinidae, Lepidoptera and Coleoptera) observed in each
of the fifteen wildflower species. Means with the same letter within a row (flower visits percentage of
the total) or within a column (total visitation rate) show did not differ for p < 0.05 according to the
Duncan’s LSD test.
Flower Visits (% of the Total)
Wildflower Species Honey Solitary Bumblebees Diptera Lepidoptera Coleoptera
Bees Bees Syrphidae = Bombyliidae Tachinidae
Althaea cannabina 453 a 228b 154 ¢ 6.0d 3.7e 02e 45d 21e
Anacyclus radiatus 223a 23.6a 35¢ 5.6b 72b 23c¢ 264 a 41c
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Table 6. Cont.

Flower Visits (% of the Total)

Wilddlower Species Honey Solitary Bumblebees Diptera Lepidoptera Coleoptera
Bees Bees Syrphidae = Bombyliidae Tachinidae
Cephalaria transsylvanica 35.2b 415a 123 ¢ 33d 21d 12d 42d 02e
Cichorium intybus 52.8a 325b 35¢ 22c¢ 35¢ 20c 31c 04d
Consolida regalis 22.1b 253b 33.7a 2.7d 15d 0d 16.7 ¢ 0d
Coronilla varia 29.2b 255b 317 a 3.2d 2.3d Oe 8.1c Oe
Daucus carota 45.7 a 189b 42c 4.6c 34d 56¢c 24d 152b
Dianthus cartusianorum 10.7 ¢ 31.7b Oe 132¢ 46d Oe 443 a 55d
Hypericum perforatum 253b 412a 144c 6.6d 9.5¢ 3.1d 69d 3.0e
Lavatera punctata 18.3b 22.7b 312a 6.2d 48d 21 102 ¢ 45d
Malva sylvestris 30.7 a 328a 152D 22c¢ 31c 0d 153D 0.7d
Scabiosa columbaria 374a 324a 142Db 12¢ 08¢ 04c 134Db 02c
Scabiosa ochroleuca 312a 253b 13.1c¢ 142¢ 1.1d 05d 142 ¢ 0.4d
Stachys germanica 254b 29.3b 404 a 8.3d 03e Oe l6.1c 02e
Verbascum sinuatum 221c 285b 412a Oe 3.0e Oe 52d Oe
Means 30.2a 287 a 182D 53d 24d lle 11.7 ¢ 24d

Figure 4. Categories of pollinators primarily observed on each of the fifteen wildflower species:
(1) = Honeybee of A. cannabina. (2) = Lepidoptera on A. radiatus. (3) = Solitary bee on C. transsylvanica.
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(4) = Honeybee on C. inthybus. (5) = Bumblebee on C. regalis. (6) = Bumblebee on C. varia. (7) = Hon-
eybee on D. carota. (8) = Lepidoptera on D. carthusianorum. (9) = Bumblebee of H. perforatum.
(10) = Bumblebee on L. punctata. (11) = Honeybee on M. sylvestris. (12) = Honeybee on S. columbaria.
(13) = Honeybee on S. ochroleuca. (14) = Bumblebee on S. germanica. (15) = Bumblebee on V. sinuatum.

The aforementioned dynamics of flower visitation across the fifteen plant species
resulted in different levels of biodiversity, expressed as the Shannon diversity index (H’)
for the various pollinator categories (Table 7). The highest Shannon index was observed for
H. perforatum (0.82), which was statistically different from all other species (p < 0.05). High
values (H' > 0.7) were also recorded for L. punctata, A. radiatus, D. carota, and S. ochroleuca.
All remaining plant species exhibited Shannon index values below 0.7. The lowest levels
of pollinator biodiversity were calculated for the zygomorphic flowers of C. regalis (0.51),
S. germanica (0.52), and D. cartusianorum (0.53).

Table 7. Biodiversity level (Shannon index, H') of pollinator visits of the fifteen tested wildflower
species. Values are followed by =+ standard error. Means with the same letter show did not differ at
p < 0.05 according to the Duncan’s LSD test.

Wildflower Species Shannon Index (H')

Althaea cannabina 0.65£0.04b
Anacyclus radiatus 0.74 £0.06 d
Cephalaria transsylvanica 0.60 £ 0.05b
Cichorium intybus 053 £0.03a
Consolida regalis 0.51 +£0.05b
Coronilla varia 0.65+0.05b
Daucus carota 0.72 +0.06 c
Dianthus cartusianorum 0.53 £0.07e
Hypericum perforatum 0.77 £ 0.06 d
Lavatera punctata 0.67 £0.05c
Malva sylvestris 0.61+£0.05b
Scabiosa columbaria 0.71 £0.06 ¢
Scabiosa ochroleuca 0.65+0.05b
Stachys germanica 0.52+0.05b

Verbascum sinuatum 0.74 £0.06d

3.5. Wildflower Survival and Pollinator Biodiversity During the Second Experimental Year

As expected, all wildflower species in their second year exhibited lower plant densities
than in the previous year (Table 8). However, the magnitude of this reduction varied
markedly among species. M. sylvestris, D. carota, and S. columbaria showed the smallest
declines, maintaining 92.2%, 87.5%, and 84.8% of the previous year’s plant density, re-
spectively. A lower but still satisfactory residual density was observed for C. inhybus,
D. cartusianorum, C. varia, and S. ochroleuca, with residual densities of 87.5%, 68.9%, and
67.3%. All remaining species experienced a more pronounced decrease in plant density,
falling below 60%. The lowest residual densities were recorded for C. regalis and V. sinuatum
(24.0% and 34.6%, respectively).

This self-thinning of vegetation inevitably resulted in a reduction in flower visitation
rates. The largest declines were observed for V. sinuatum, A. radiatus, and C. regalis (78.5%,
66.2%, and 61.2%, respectively), which were among the most strongly self-thinned species.
Conversely, more resilient species (M. sylvestris, S. columbaria, A. cannabina, and D. carota)
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largely maintained their flower visitation rates, showing reductions of only 5.5%, 8.5%,
14.6%, and 14.4%, respectively. In contrast, pollinator biodiversity during the second
experimental year remained largely unchanged, with only a slight, non-significant decrease
in the Shannon diversity index (H).

Table 8. Plant density of the second experimental year, relative flower visits loss and pollinator
biodiversity loss (! as percentage to respect to the previous year). Means (1 = 10) are followed
by + standard error. The statistical significance (of both: flower visits loss 2 and biodiversity
(Shannon index, H') loss 3 to respect to previous year) is reported: n.s. = no significant, * = significant
for p < 0.05, ** = significant for p < 0.01.

Residual Plant Flower Visits Pollinator

Wildflower Species Der})/soity 1 L?)/SOS 1 Si:::‘itfiii;ilcli 2 Biodiver;jty Loss ! Sizzlaitfiiitaircli 3

Althaea cannabina 742 +£65 14.6 + 0.4 n.s. 0.02 £ 0.001 ns.
Anacyclus radiatus 443 £3.8 66.2£0.5 * 0.02 £ 0.002 ns.
Cephalaria transylvanica 55.8 £4.5 258 £7.6 * 0.03 £ 0.002 ns.
Cichorium intybus 754 £ 6.5 35.8+5.8 * 0.02 4 0.003 n.s.
Consolida regalis 24.0 £6.5 612 £45 i 0.01 £ 0.002 ns.
Coronilla varia 689 £5.6 23.6 £0.3 n.s. 0.03 + 0.003 n.s.
Daucus carota 875+£72 144+12 n.s. 0.02 £ 0.002 n.s.
Dianthus cartusianorum 69.8 £5.9 188+ 14 n.s. 0.02 £ 0.001 n.s.
Hypericum perforatum 54.2 £ 4.6 21.1£22 * 0.01 £ 0.001 n.s.
Lavatera punctata 526 £ 44 558 £5.1 o 0.02 £ 0.002 n.s.
Malva sylvestris 922 +82 55+04 n.s. 0.03 + 0.003 n.s.
Scabiosa columbaria 84.8+7.6 85+ 0.6 n.s. 0.02 + 0.001 n.s.
Scabiosa ochroleuca 67.3 £6.0 253£13 * 0.03 £ 0.002 n.s.
Stachys germanica 442+ 39 545+ 4.0 * 0.01 £+ 0.001 n.s.

Verbascum sinuatum 346+ 25 785 +3.5 ** 0.02 £ 0.001 n.s.

4. Discussion
4.1. Wildflower Strips Establishment

As expected, the selected plant species exhibited pronounced seed dormancy. Seed
dormancy plays a crucial role in the survival dynamics of many species [42], as it prevents
synchronized germination that could hinder recolonization following biotic or abiotic dis-
turbances. Nevertheless, advances in the understanding of the physical, chemical, and/or
physiological mechanisms underlying dormancy [43] have enabled successful germination
through specific seed pre-treatments, including scarification, washing, and chilling.

The wildflower species belonging to the families Malvaceae (A. cannabina, L. punctata,
and M. sylvestris) and Fabaceae (C. varia) were confirmed to possess seeds characterized by
physical dormancy [44], which was effectively removed by scarification. In contrast, the
remaining wildflower species exhibited chemical dormancy [35], which could be overcome
by seed chilling (C. regalis, D. carthusianorum, H. perforatum, S. germanica, and V. sinuatum)
or seed washing (A. radiatus, C. transsylvanica, C. intybus, D. carota, S. columbaria, and
S. ochroleuca).

These findings indicate that the use of these species without appropriate seed pre-
treatments results in poor agronomic performance due to unsatisfactory germination
following direct field sowing. Although the applied treatments consistently promoted
dormancy release under laboratory conditions (Petri dishes), the incubation of treated seeds
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in the soil matrix after field sowing substantially reduced the germination success men-
tioned above in vitro. This reduction in soil germination, observed in both crops [36] and
weeds [45], appears to be associated with suboptimal seed—soil contact, which limits
seed imbibition.

Indeed, soil rolling after sowing markedly enhanced seed germination by improving
seed—soil contact. In this context, it has been demonstrated that the degree of contact in-
creases as soil macroporosity decreases [46]. This beneficial effect of reduced macroporosity
is particularly pronounced in species with small seeds. Accordingly, an inverse relationship
was observed between the increase in germination following rolling and the weight of
1000 seeds. The effectiveness of rolling in promoting the germination of small-seeded
species is especially important in areas with limited water availability [47], such as Mediter-
ranean environments, where water uptake preceding germination is often constrained [48].

4.2. Wildflower Pollinators Attractivity and Biodiversity

The ecosystem service provided from the fifteen wildflower species, namely the provi-
sion of pollen and nectar during the warmer summer periods, was fully achieved. All tested
species exhibited full flowering not only in May, a period characterized by high availability
of alternative floral resources, but also in June and July, when the Mediterranean environ-
ment typically experiences a marked scarcity of herbaceous [49] and shrub blooms [50]. This
result is particularly relevant in the context of climate change, which is known to induce
earlier flowering phenology [51]. More than half of the species continued flowering into Au-
gust, an even more critical period for pollinator food availability, and some extended their
flowering period into September and October. Among these, three species belonging to the
Dipsacaceae family (C. transsylvanica, S. columbaria, and S. ochroleuca) showed particularly
high suitability, confirming previous findings for C. transsylvanica [52]. A similar tendency
toward prolonged flowering was also observed in two of the three tested Malvaceae species
(A. cannabina and M. sylvestris) as well as in D. carota.

From a quantitative perspective, June and July, the only months during which all
fifteen wildflower species reached the flowering phenological stage, recorded the highest
pollinator visitation rates. However, pollinator activity observed in subsequent months,
although reduced, should not be underestimated. The extended flowering period of several
species highlighted their superior performance in providing ecosystem services during
the summer. In particular, Dipsacaceae, Malvaceae, and D. carota exhibited the highest
cumulative visitation rates across the entire summer period.

The main visitors were Apoidea (honey bees, solitary bees, and bumblebees), which
accounted for nearly 80% of pollinator diversity. Although honey bees and solitary bees
were generally the most abundant Apoidea groups, bumblebees predominated in some
cases, accounting alone for approximately 40% of the total visits recorded during the
experimental period. This was observed for S. germanica and V. sinuatum. A similar, though
less pronounced, dominance of bumblebees (about 30%) was also recorded for C. regalis,
C. varia, and L. punctata.

This preference for bumblebees appears to be associated with the zygomorphic symme-
try of the flowers [53] as well as with the long tongues of many bumblebee species, which
allow them to reach nectaries located at the base of elongated corollas [54]. Consequently,
these wildflower species may play a crucial role in the conservation of bumblebees, which
are increasingly threatened by biodiversity loss driven by ongoing climate change [55].

Similarly, D. carthusianorum, belonging to the botanical family Caryophyllaceae,
showed a marked specialization for Lepidoptera. This specialization, which is common
within Caryophyllaceae, appears to be linked to floral scent composition [56], nectar chem-
istry [57] and the narrow, elongated corolla shape, which makes nectaries accessible to the
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long proboscis typical of most Lepidoptera [58]. The high abundance of lepidopteran visits
observed for some of the tested species highlights the strong evolutionary relationships
between wildflower and pollinator taxa.

Indeed, the presence of species that have primarily evolved for specialized pollination,
as in this case, may explain why the attractiveness of wildflowers to bees and hover-
flies is strongly species-dependent [59]. Supporting this hypothesis, studies conducted
in European agroecosystems have shown that in some wildflower strips the majority of
flower visitors were neither bees nor hoverflies [60,61]. Although wildflower—pollinator
associations are often linked to botanical family-level traits, largely mediated by floral
chemistry [62], this pattern was not confirmed in the present study. Instead, the observed
relationships appear to be driven primarily by individual plant species. In fact, species be-
longing to the botanical families Malvaceae, Asteraceae, and Dipsacaceae exhibited varying
degrees of generalization or specialization, even among species within the same family.

In quantitative terms, Dipsacaceae (notably C. transylvanica and S. columbaria), Dau-
cus carota (Apiaceae), and Malva sylvestris (Malvaceae) exhibited the highest levels of
pollinator attractiveness. This pattern of generalist or specialized attractiveness of the
above-mentioned species was widely observed, thereby supporting a satisfactory level of
pollinator taxonomic biodiversity. The above-mentioned Dipsacaceae displayed not only
high attractiveness but, above all, an excellent ecosystem service by providing both pollen
and nectar, particularly during the warmest and driest months (July and August). These
findings confirm the previously reported outstanding performance of C. transylvanica and
further highlight a strong summer-flowering aptitude for the other Dipsacaceae species,
S. columbaria and S. ochroleuca.

Shannon biodiversity indices (H’), reflecting the complexity of pollinator assemblages
visiting each wildflower species, showed the highest values for generalist species, in
agreement with similar studies [63]. Specifically, the highest H' values (>0.7) were recorded
for A. radiatus, D. carota, H. perforatum, S. columbaria, and V. sinuatum, species that did not
exhibit specialization toward particular insect pollinator taxa. In contrast, the two species
with zygomorphic flowers (C. regalis and S. germanica), as well as D. cartusianorum, showed
a higher degree of pollinator specialization, as indicated by lower H' values.

4.3. Wildflowers Sustainability and Functionality over Time

Unfortunately, in the second year, the abundance of the fifteen wildflower species
declined. Although this outcome was expected, it is noteworthy that the tested species
exhibited markedly different levels of survival (for perennials) or self-seeding capacity
(for annuals). Overall, perennial species such as A. cannabina, C. varia, D. carota, and
S. columbaria showed the highest survival rates. This pattern appears to be related to the
fact that, for annual species, germination ecology represents a limiting factor, particularly
in compacted soils rich in plant residues with allelopathic activity, thus highlighting the
poor sustainability of the wildflower strip over time [64]. Accordingly, annual species such
as A. radiatus, C. regalis, and L. punctata exhibited the greatest declines. C. transylvanica
represents an exception, likely due to its lower sensitivity to germination-related ecological
constraints (e.g., soil softness and allelopathic inhibition from plant residues).

As expected, the reduction in flowering resulted in a decrease in visitation rates
across species, although the magnitude of this decline varied considerably among them,
while overall pollinator biodiversity remained unchanged. The highest performance in
terms of sustained attractiveness was observed for A. cannabina, C. varia, M. sylvestris, and
S. columbaria, as their visitation rates in the second year declined by less than 10% compared
to the year of sowing.
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5. Conclusions

The hypothesis that the selected species could meet pollinators’ requirements in terms
of pollen and nectar availability during the hottest and driest periods was confirmed.
However, germination and emergence capacity should not be underestimated, as seeds
of wild species typically exhibit primary dormancy-removable through appropriate seed
treatments-and may also develop secondary dormancy induced during seed burial after
sowing [65], which can be agronomically managed through soil rolling.

Despite these constraints, several selected species showed promising performance in
terms of wildflower strip establishment (seedling emergence rate), flowering dynamics,
and pollinator attractiveness. As anticipated, wildflower strip performance in terms of
flower abundance and pollinator attractiveness was highest during the first year after
planting. Nevertheless, some species maintained satisfactory performance in the second
year, indicating that future wildflower strips could be not only effective but also more
sustainable over time.

Further research on these and other insect-pollinated species widespread in Mediter-
ranean agroecosystems may support the refinement of this agronomic strategy, contributing
to the conservation of pollinator biodiversity, which is increasingly threatened by ongoing
climatic stresses.

Funding: This research received no external funding.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The author declares no conflicts of interest.

References

1.  Nath, R.; Singh, H.; Mukherjee, S. Insect pollinators decline: An emerging concern of Anthropocene epoch. J. Apic. Res.
2023, 62, 23-38. [CrossRef]

2. Kevan, P.G.; Viana, B.F. The global decline of pollination services. Biodiversity 2003, 4, 3-8. [CrossRef]

3.  Feuerbacher, A. Pollinator declines, international trade and global food security: Reassessing the global economic and nutritional
impacts. Ecol. Econ. 2025, 232, 108565. [CrossRef]

4. Blaauw, B.R;; Isaacs, R. Flower plantings increase wild bee abundance and the pollination services provided to a pollination-
dependent crop. J. Appl. Ecol. 2014, 51, 890-898. [CrossRef]

5. Requier, F; Pérez-Méndez, N.; Andersson, G.K,; Blareau, E.; Merle, I.; Garibaldi, L.A. Bee and non-bee pollinator importance for
local food security. Trends Ecol. Evol. 2023, 38, 196-205. [CrossRef]

6.  Feuerbacher, A.; Kempen, M.; Steidle, J.L.; Wieck, C. The economic, agricultural, and food security repercussions of a wild
pollinator collapse in Europe. Nat. Commun. 2025, 16, 9892. [CrossRef] [PubMed]

7. Goulson, D.; Nicholls, E.; Botias, C.; Rotheray, E.L. Bee declines driven by combined stress from parasites, pesticides, and lack of
flowers. Science 2015, 347, 1255957. [CrossRef] [PubMed]

8. Buhk, C.; Oppermann, R.; Schanowski, A.; Bleil, R.; Liidemann, J.; Maus, C. Flower strip networks offer promising long-term
effects on pollinator species richness in intensively cultivated agricultural areas. BMIC Ecol. 2018, 18, 55. [CrossRef] [PubMed]

9. Cole, L.J.; Baddeley, J.A.; Robertson, D.; Topp, C.E; Walker, R.L.; Watson, C.A. Supporting wild pollinators in agricultural
landscapes through targeted legume mixtures. Agric. Ecosyst. Environ. 2022, 323, 107648. [CrossRef] [PubMed]

10. Bretagnolle, V.; Gaba, S. Weeds for bees? A review. Agron. Sustain. Dev. 2015, 35, 891-909. [CrossRef]

11.  Rollings, R.; Goulson, D. Quantifying the attractiveness of garden flowers for pollinators. J. Insect Conserv. 2019, 23, 803-817.
[CrossRef]

12.  Neumann, A.E,; Conitz, F,; Karlebowski, S.; Sturm, U.; Schmack, ].M.; Egerer, M. Flower richness is key to pollinator abundance:
The role of garden features in cities. Basic Appl. Ecol. 79, 102-113. [CrossRef]

13.  Ameen, A.; Raza, S. Green revolution: A review. Int. . Adv. Sci. Res. 2017, 3, 129-137. [CrossRef]

14. Cole, L.J.; Kleijn, D.; Dicks, L.; Stout, J.C.; Potts, S.G.; Albrecht, M.; Balzan, M.V,; Bartomeus, I.; Bebeli, PJ.; Bevk, D.; et al. A critical

analysis of the potential for EU Common Agricultural Policy measures to support wild pollinators on farmland. J. Appl. Ecol.
2020, 57, 681-694. [CrossRef]

https:/ /doi.org/10.3390/plants15060887


https://doi.org/10.1080/00218839.2022.2088931
https://doi.org/10.1080/14888386.2003.9712703
https://doi.org/10.1016/j.ecolecon.2025.108565
https://doi.org/10.1111/1365-2664.12257
https://doi.org/10.1016/j.tree.2022.10.006
https://doi.org/10.1038/s41467-025-65414-7
https://www.ncbi.nlm.nih.gov/pubmed/41213953
https://doi.org/10.1126/science.1255957
https://www.ncbi.nlm.nih.gov/pubmed/25721506
https://doi.org/10.1186/s12898-018-0210-z
https://www.ncbi.nlm.nih.gov/pubmed/30514253
https://doi.org/10.1016/j.agee.2021.107648
https://www.ncbi.nlm.nih.gov/pubmed/34980933
https://doi.org/10.1007/s13593-015-0302-5
https://doi.org/10.1007/s10841-019-00177-3
https://doi.org/10.1016/j.baae.2024.06.004
https://doi.org/10.7439/ijasr.v3i12.4410
https://doi.org/10.1111/1365-2664.13572
https://doi.org/10.3390/plants15060887

Plants 2026, 15, 887 18 of 19

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.
28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.
43.

Horrigan, L.; Lawrence, R.; Walker, P. How sustainable agriculture can address the environmental and human health harms of
industrial agriculture. Environ. Health Perspect. 2002, 110, 445. [CrossRef] [PubMed]

Neumidiller, U.; Burger, H.; Schwenninger, H.R.; Hopfenmiiller, S.; Krausch, S.; Weif3, K.; Ayasse, M. Prolonged blooming season
of flower plantings increases wild bee abundance and richness in agricultural landscapes. Biodivers. Conserv. 2021, 30, 3003-3021.
[CrossRef]

Haaland, C.; Naisbit, R E.; Bersier, L.E. Sown wildflower strips for insect conservation: A review. Insect Conserv. Divers. 2011, 4, 60-80.
[CrossRef]

Campbell, A.]J.; Wilby, A.; Sutton, P.; Wackers, EL. Do sown flower strips boost wild pollinator abundance and pollination services
in a spring-flowering crop? A case study from UK cider apple orchards. Agric. Ecosyst. Environ. 2017, 239, 20-29. [CrossRef]
Kowalska, J.; Antkowiak, M.; Sienkiewicz, P. Flower strips and their ecological multifunctionality in agricultural fields. Agriculture
2022, 12, 1470. [CrossRef]

Nichols, R.N.; Goulson, D.; Holland, ].M. The best wildflowers for wild bees. |. Insect Conserv. 2019, 23, 819-830. [CrossRef]
Kozuharova, E.; Trifonov, T.; Stoycheva, C.; Zapryanova, N.; Sokolov, R.S. Plants for Wild Bees—Field Records in Bulgaria.
Diversity 2025, 17, 214. [CrossRef]

Scheper, ].; Bommarco, R.; Holzschuh, A.; Potts, S.G.; Riedinger, V.; Roberts, S.P.; Rundlof, M.; Smith, H.G.; Steffan-Dewenter,
I.; Wickens, ].B.; et al. Local and landscape-level floral resources explain effects of wildflower strips on wild bees across four
European countries. J. Appl. Ecol. 2015, 52, 1165-1175. [CrossRef]

Ouvrard, P; Transon, J.; Jacquemart, A.L. Flower-strip agri-environment schemes provide diverse and valuable summer flower
resources for pollinating insects. Biodivers. Conserv. 2018, 27, 2193-2216. [CrossRef]

Williams, N.M.; Ward, K.L.; Pope, N.; Isaacs, R.; Wilson, J.; May, E.A; Ellis, J.; Daniels, J.; Pence, A.; Ullmann, K.; et al. Native
wildflower plantings support wild bee abundance and diversity in agricultural landscapes across the United States. Ecol. Appl.
2015, 25, 2119-2131. [CrossRef]

Twerski, A.; Albrecht, H.; Friind, J.; Moosner, M.; Fischer, C. Effects of rare arable plants on flower-visiting wild bees in agricultural
fields. Agric. Ecosyst. Environ. 2022, 323, 107685. [CrossRef]

Vogiatzakis, LN.; Mannion, A.M.; Sarris, D. Mediterranean island biodiversity and climate change: The last 10,000 years and the
future. Biodivers. Conserv. 2016, 25, 2597-2627. [CrossRef]

Lavorel, S. Ecological diversity and resilience of Mediterranean vegetation to disturbance. Divers. Distrib. 1999, 5, 3-13. [CrossRef]
Baskin, C.C.; Baskin, ].M. Seed dormancy in wild flowers. In Flower Seeds: Biology and Technology; CABI Publishing: Wallingford
UK, 2005; pp. 163-185.

Baskin, C.C.; Baskin, J.M. Breaking seed dormancy during dry storage: A useful tool or major problem for successful restoration
via direct seeding? Plants 2020, 9, 636. [CrossRef] [PubMed]

Hilhorst, H.W. A critical update on seed dormancy. I. Primary dormancyl. Seed Sci. Res. 1995, 5, 61-73. [CrossRef]

Benvenuti, S.; Mazzoncini, M. Soil physics involvement in the germination ecology of buried weed seeds. Plants 2018, 8, 7.
[CrossRef]

Benvenuti, S. Soil texture involvement in wildflower strip ecosystem services delivery in Mediterranean agro-environment.
Eur. J. Agron. 2023, 145, 126793. [CrossRef]

Haékansson, I.; Myrbeck, A.; Etana, A. A review of research on seedbed preparation for small grains in Sweden. Soil Till. Res.
2002, 64, 23-40. [CrossRef]

Benvenuti, S.; Bretzel, F. Agro-biodiversity restoration using wildflowers: What is the appropriate weed management for their
long-term sustainability? Ecol. Eng. 2017, 102, 519-526. [CrossRef]

Stroot, L.; Brinkert, A.; Holzel, N.; Riising, A.; Bucharova, A. Establishment of wildflower strips in a wide range of environments:
A lesson from a landscape-scale project. Restor. Ecol. 2022, 30, €13542. [CrossRef]

Benvenuti, S. Wildflower strips in the agroecosystem for pollinator biodiversity restoration: Which plant species are capable of
self-seeding? Ecol. Eng. 2025, 212, 107486. [CrossRef]

Mockford, A.; Urbaneja, A.; Ashbrook, K.; Westbury, D.B. Developing perennial wildflower strips for use in Mediterranean
orchard systems. Ecol. Evol. 2023, 13, €10285. [CrossRef] [PubMed]

Baskin, C.C.; Baskin, ].M. Germinating seeds of wildflowers, an ecological perspective. HortTechnology 2004, 14, 467-473.
[CrossRef]

International Seed Testing Association (ISTA). International rules for seed testing. Seed Sci. Technol. 1999, 27, 50-52.

Gardarin, A ; Diirr, C.; Colbach, N. Effects of seed depth and soil aggregates on the emergence of weeds with contrasting seed
traits. Weed Res. 2010, 50, 91-101. [CrossRef]

Steel, R.G.D.; Torrie, J.H. Principles and Procedures of Statistics, a Biometrical Approach, 2nd ed.; McGraw-Hill Kogakusha, Ltd.:
Tokyo, Japan, 1981; p. 633.

Penfield, S. Seed dormancy and germination. Curr. Biol. 2017, 27, R874-R878. [CrossRef]

Baskin, ].M.; Baskin, C.C. A classification system for seed dormancy. Seed Sci. Res. 2004, 14, 1-16. [CrossRef]

https:/ /doi.org/10.3390/plants15060887


https://doi.org/10.1289/ehp.02110445
https://www.ncbi.nlm.nih.gov/pubmed/12003747
https://doi.org/10.1007/s10531-021-02233-4
https://doi.org/10.1111/j.1752-4598.2010.00098.x
https://doi.org/10.1016/j.agee.2017.01.005
https://doi.org/10.3390/agriculture12091470
https://doi.org/10.1007/s10841-019-00180-8
https://doi.org/10.3390/d17030214
https://doi.org/10.1111/1365-2664.12479
https://doi.org/10.1007/s10531-018-1531-0
https://doi.org/10.1890/14-1748.1
https://doi.org/10.1016/j.agee.2021.107685
https://doi.org/10.1007/s10531-016-1204-9
https://doi.org/10.1046/j.1472-4642.1999.00033.x
https://doi.org/10.3390/plants9050636
https://www.ncbi.nlm.nih.gov/pubmed/32429336
https://doi.org/10.1017/S0960258500002634
https://doi.org/10.3390/plants8010007
https://doi.org/10.1016/j.eja.2023.126793
https://doi.org/10.1016/S0167-1987(01)00255-0
https://doi.org/10.1016/j.ecoleng.2017.02.062
https://doi.org/10.1111/rec.13542
https://doi.org/10.1016/j.ecoleng.2024.107486
https://doi.org/10.1002/ece3.10285
https://www.ncbi.nlm.nih.gov/pubmed/37465612
https://doi.org/10.21273/HORTTECH.14.4.0467
https://doi.org/10.1111/j.1365-3180.2009.00757.x
https://doi.org/10.1016/j.cub.2017.05.050
https://doi.org/10.1079/SSR2003150
https://doi.org/10.3390/plants15060887

Plants 2026, 15, 887 19 of 19

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Baskin, C.C.; Baskin, ].M. Seed dormancy and germination in the Malvaceae: A palaeohistory, subfamily, growth form and
geographical distribution perspective. Seed Sci. Res. 2025, 35, 181-208. [CrossRef]

Nautiyal, P.C.; Sivasubramaniam, K.; Dadlani, M. Seed dormancy and regulation of germination. Seed Sci. Tech. 2023, 52, 39-66.
Blunk, S.; De Heer, M.L; Sturrock, C.J.; Mooney, S.J. Soil seedbed engineering and its impact on germination and establishment in
sugar beet (Beta vulgaris L.) as affected by seed—soil contact. Seed Sci. Res. 2018, 28, 236-244. [CrossRef]

Travlos, I.; Gazoulis, I.; Kanatas, P.; Tsekoura, A.; Zannopoulos, S.; Papastylianou, P. Key factors affecting weed seeds germination,
weed emergence, and their possible role for the efficacy of false seedbed technique as weed management practice. Front. Agron.
2020, 2, 1. [CrossRef]

Brown, A.D.; Dexter, A.R.; Chamen, W.C.T.; Spoor, G. Effect of soil macroporosity and aggregate size on seed-soil contact.
Soil Till. Res. 1996, 38, 203-216. [CrossRef]

Leishman, M.R.; Westoby, M. The role of seed size in seedling establishment in dry soil conditions—Experimental evidence from
semi-arid species. J. Ecol. 1994, 82, 249-258. [CrossRef]

Upretee, P,; Bandara, M.S.; Tanino, K.K. The role of seed characteristics on water uptake preceding germination. Seeds 2024, 3, 559-574.
[CrossRef]

Bosch, J.; Retana, J.; Cerdd, X. Flowering phenology, floral traits and pollinator composition in a herbaceous Mediterranean plant
community. Oecologia 1997, 109, 583-591. [CrossRef]

Herrera, C.M. Daily patterns of pollinator activity, differential pollinating effectiveness, and floral resource availability, in a
summer-flowering Mediterranean shrub. Oikos 1990, 58, 277-288. [CrossRef]

Pareja-Bonilla, D.; Arista, M.; Morellato, L.P.C.; Ortiz, P.L. Better soon than never: Climate change induces strong reassembly in
the flowering of a Mediterranean shrub community. Ann. Bot. 2025, 135, 239-254. [CrossRef]

Benelli, G.; Benvenuti, S.; Desneux, N.; Canale, A. Cephalaria transsylvanica-based flower strips as potential food source for bees
during dry periods in European Mediterranean basin countries. PLoS ONE 2014, 9, €93153. [CrossRef]

Meller, A.P. Bumblebee preference for symmetrical flowers. Proc. Nat. Acad. Sci. USA 1995, 92, 2288-2292. [CrossRef]
Miller-Struttmann, N.E.; Geib, ].C.; Franklin, ].D.; Kevan, P.G.; Holdo, R.M.; Ebert-May, D.; Lynn, A.M.; Kettenbach, J.A.; Hedrick,
E.; Galen, C. Functional mismatch in a bumble bee pollination mutualism under climate change. Science 2015, 349, 1541-1544.
[CrossRef]

Jiirgens, A. Flower scent composition in diurnal Silene species (Caryophyllaceae): Phylogenetic constraints or adaption to flower
visitors? Biochem. Syst. Ecol. 2004, 32, 841-859. [CrossRef]

Nicolson, S.W.; Thornburg, R W. Nectar chemistry. In Nectaries and Nectar; Springer: Dordrecht, The Netherlands, 2007; pp. 215-264.
Kephart, S. Pollination mutualisms in Caryophyllaceae. New Phytol. 2006, 169, 637—-640. [CrossRef]

Warzecha, D.; Diekotter, T.; Wolters, V.; Jauker, F. Attractiveness of wildflower mixtures for wild bees and hoverflies depends on
some key plant species. Insect Conserv. Divers. 2018, 11, 32—41. [CrossRef]

Grass, I.; Albrecht, J.; Jauker, F.; Diekotter, T.; Warzecha, D.; Wolters, V.; Farwig, N. Much more than bees—Wildflower plantings
support highly diverse flower-visitor communities from complex to structurally simple agricultural landscapes. Agric. Ecosyst.
Environ. 2016, 225, 45-53. [CrossRef]

Benvenuti, S.; Mazzoncini, M.; Cioni, PL.; Flamini, G. Wildflower-pollinator interactions: Which phytochemicals are involved?
Basic Appl. Ecol. 2020, 45, 62-75. [CrossRef]

Friind, J.; Linsenmair, K.E.; Bliithgen, N. Pollinator diversity and specialization in relation to flower diversity. Oikos 2010, 119, 1581-1590.
[CrossRef]

Schmied, H.; Getrost, L.; Hamm, A.; Diinzkofer, T. The flower strip dilemma (FSD): An overlooked challenge in nature
conservation and a possible first step towards a solution by combining different aged flower strips. Agric. Ecosyst. Environ.
2023, 347,108375. [CrossRef]

Benvenuti, S.; Mazzoncini, M. “Active” weed seed bank: Soil texture and seed weight as key factors of burial-depth inhibition.
Agronomy 2021, 11, 210. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/plants15060887


https://doi.org/10.1017/S0960258525100068
https://doi.org/10.1017/S0960258518000168
https://doi.org/10.3389/fagro.2020.00001
https://doi.org/10.1016/S0167-1987(96)01030-6
https://doi.org/10.2307/2261293
https://doi.org/10.3390/seeds3040038
https://doi.org/10.1007/s004420050120
https://doi.org/10.2307/3545218
https://doi.org/10.1093/aob/mcad193
https://doi.org/10.1371/journal.pone.0093153
https://doi.org/10.1073/pnas.92.6.2288
https://doi.org/10.1126/science.aab0868
https://doi.org/10.1016/j.bse.2004.03.009
https://doi.org/10.1111/j.1469-8137.2006.01656.x
https://doi.org/10.1111/icad.12264
https://doi.org/10.1016/j.agee.2016.04.001
https://doi.org/10.1016/j.baae.2020.03.008
https://doi.org/10.1111/j.1600-0706.2010.18450.x
https://doi.org/10.1016/j.agee.2023.108375
https://doi.org/10.3390/agronomy11020210
https://doi.org/10.3390/plants15060887

	Introduction 
	Materials and Methods 
	Plant Material 
	Agronomic Environment 
	Laboratory Evaluation of Seed Germination and Treatments to Remove Dormancy 
	Seed Weight 
	Preliminary Stale Seedbed Preparation on Experimental Plots 
	Preliminary Seedling Emergence Test of Treated Seeds with or Without Soil Rolling 
	Wildflower Field Sowing 
	Flowering Dynamics 
	Evaluation of Flower Visitors of the First Experimental Year 
	Agronomic Management After the First Experimental Year 
	Evaluation of Plant Density in the Second Experimental Year 
	Calculation of Diversity Index of Pollinator Communities 
	Statistical Analyses 

	Results 
	Seed Germination and Dormancy-Breaking Treatments 
	Seedling Emergence Test 
	Wildflower Flowering Dynamics 
	Pollinator Flower-Visit Quantity and Biodiversity During the First Experimental Year 
	Wildflower Survival and Pollinator Biodiversity During the Second Experimental Year 

	Discussion 
	Wildflower Strips Establishment 
	Wildflower Pollinators Attractivity and Biodiversity 
	Wildflowers Sustainability and Functionality over Time 

	Conclusions 
	References

