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Abstract: Agricultural intensification has caused once diverse arable fields to become species-poor.
Their seed banks, which are fundamental for re-establishment and maintenance of plant communities
in such repeatedly disturbed environments, are now largely depleted. In order to advise farmers on
the successful implementation of agri-environmental measures, as well as reduce potential subsequent
costs of continued weed control, understanding seed bank dynamics in relation to aboveground
vegetation is essential. We (1) investigated the change in seed bank composition in the field edge
and the interior, and (2) analyzed the seed bank in flower strips and adjacent fields in relation to the
aboveground vegetation on intensively managed arable farms across Germany. Low-tillage systems
contained more plant species and higher seed densities in the seed bank than regularly ploughed
fields. Species diversity at the field edge was higher than in the field interior, with a continuous
decrease in the number of species and seed density within the first 2 m from the edge. Flower strips
can lead to an enrichment of the seed bank, but it is driven by the strong rise in a few common
species such as Chenopodium album. To cultivate successful flower strips, we recommend close onsite
monitoring, as well as rapid intervention in the case of weed infestation.

Keywords: agrobiodiversity; arable weeds; field edge; field interior; seed bank; segetal plants; tillage

1. Introduction

Floral diversity stabilizes ecosystem functions and provides food for many herbivorous
organism groups (reviewed in [1]). Arable fields, constantly shaped by human activities,
were once species-rich ecosystems in the cultural landscapes of Central Europe [2]. How-
ever, increasing use of herbicides and mineral fertilizers, frequent disturbance by tillage,
reductions in crop diversity, and the shift to more productive crops have dramatically
reduced the occurrence of many arable plant species [3]. Currently, a large part of the
once species-rich arable flora of Central Europe has been lost [4], and predominantly
nitrogen-demanding species have persisted [5].

To counteract a further decline in agrobiodiversity, numerous agri-environmental
schemes have been implemented by the European Union as part of the Common Agricul-
tural Policy. The effect of agri-environmental schemes on plant diversity depends, among
other factors, on the species pool present in the soil seed bank [6]. It has been demonstrated
that flower strips, conservation field margins, and fallows can increase arable weed species
in intensively farmed landscapes [7], but may also enhance insect diversity [8]. However,
such measures make up only a very low proportion of the farmed area. Many farmers have
voiced their reluctance to implement measures to increase biodiversity in agricultural land-
scapes for various reasons [9–11]. Furthermore, the ecological effects of agri-environmental
schemes are debated, and it is questioned if existing schemes are sufficient to stop or even
reverse biodiversity loss in intensive agricultural landscapes [12].

The currently dominating arable weed species are mostly highly competitive annual
species, causing problems in agriculture. Their predominance depends on various factors
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of arable management, such as the tillage system, fertilizer, and herbicides applied [4,13].
For most arable species, a diaspore bank supports their persistence even in these highly
disturbed environments [14,15]. The aboveground weed vegetation that develops out of the
seedbank depends on crop rotation and the current management regimes [16]. Measures
of weed control prevent successful establishment and seed production of arable weeds.
Depending on the strength and effectiveness of weed control, the aboveground vegetation
is, therefore, largely controlled by the composition of the seed bank in the soil [17].

Conventional tillage, which uses ploughing to turn the soil, and low-tillage techniques,
i.e., shallow non-turning soil cultivation practices that use harrows, affect the composition
and density of seed banks differently [18]. In central Europe, there has been a widespread
transition from conventional tillage to low- or no-tillage systems in order to reduce carbon
and soil losses through increased soil respiration and erosion [19]. This not only influences
the vertical distribution of diaspores, but also leads to an increase in herbicide applica-
tion that compensates for the loss of mechanical weed control measures [20]. In general,
seeds are not evenly distributed in the soil whether vertically or horizontally [21]. This is
particularly true for heavily disturbed ecosystems such as cropped fields. Arable weeds
are particularly frequent at the field edge, which should also influence the seed rain and,
therefore, composition of the soil seed bank [17,22–25]. Along field edges, arable weeds
profit from lower herbicide and fertilizer input [26]. Furthermore, there should be a higher
diaspore input at the field edge from neighboring habitats, such as grassy field margins,
hedges, or forests [27], which may further influence the vegetation and seed bank.

The dynamics of aboveground vegetation and the related soil seed bank of arable
weeds is well studied (e.g., [28]). However, their interaction with flower strips has rarely
been addressed. Studies on seed banks and agri-environmental measures often focus on
grassland, forest, or wetland restoration (e.g., [29,30]). Investigations on the accumulation
of sown flower species in the seed bank and their possible implications for weed control and
nature conservation are missing. We argue that increased acceptance of agri-environmental
measures by both farmers and conservation practitioners requires a better understanding of
the dynamics of the seed bank of those measures. Not only is the enrichment of problematic
weed species an issue, but so is the lack of success in re-establishing certain endangered
weed species [31]. We, therefore, assessed the seed bank composition of arable fields
and flower strips at farms across Germany, which were part of the F.R.A.N.Z. project
(https://www.franz-projekt.de/ accessed on 1 April 2023). In this way, we were able
to compare the effects of different agricultural management systems and of flower strip
establishment on seed bank composition.

Specifically, we addressed four hypotheses. Firstly, as crop density and pesticide
dosage increase from the field edge to the field center, occurrence of weed species is
suppressed with increasing distance to the edge, i.e., species richness and seed density
decline with increasing distance to the field edge. Secondly, since conventional tillage
reduces seedling survival and leads to a continuous mixing of the soil seed bank, species
richness and seed density in the seedbank of arable land is higher in low-tilled fields,
especially in the upper soil layer, compared to conventional tillage systems, with a more
homogeneous density distribution. Thirdly, as many plant species in a flower strip should—
since the plants are generally not cut—be able to shed seeds, the species composition and
richness of flower strip seed banks differ significantly from those of arable fields after two
growing seasons. Lastly, since plant development and seed production proceed relatively
undisturbed in flower strips, aboveground vegetation and seed banks are more similar in
flower strips than in arable fields.

2. Materials and Methods
2.1. Locations and Sampling Design

We studied intensively managed agricultural fields in seven different regions of Ger-
many from the Baltic Sea coast to Bavaria and Baden-Württemberg in the south (see
Figure 1a). The farms were participating in the F.R.A.N.Z. project (Future Resources, Agri-
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culture, and Nature Conservation;) which pursues a participative approach to increase
farmland biodiversity in cooperation with farmers. Agri-environmental measures, estab-
lished on these conventionally managed farms in different, representative agricultural
landscapes of Germany, are monitored with respect to their effect on agrobiodiversity
and the costs of implementation. Locations with marginal agricultural yield or known
populations of species worthy of protection on farmland are identified, and options of dif-
ferent agri-environmental measures are assessed. In the process, issues such as accessibility,
regulations, ownership (e.g., for rented land), or potential weed burden in the soil seed
bank are addressed. These issues affect how the emergence of problematic and (from a
conservation point of view) desirable weed species are viewed during implementation, as
well as afterward, when the area is reintegrated into the normal crop rotation scheme.
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All study fields were sown with winter wheat in autumn 2018 and had adjacent flower
strips that varied in width (5 to 18 m) and the seed mixture used. The positioning and im-
plementation of agri-environmental measures in the project required certain compromises
in order to meet demands in terms of practicability, ecological utility, and statistical require-
ments. Farms differed in size (seven farms with mean field sizes ranging from 3 to 32 ha;
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smallest field: 0.1 ha, largest field: 149 ha), soil quality (18–90 soil quality score), tillage
regime (low-tillage N = 3, rotational tillage N = 1, and conventional tillage N = 3 farms),
and main crops (cereals and maize) cultivated (see Table S1), broadly representing the spec-
trum of farm types and agricultural landscapes existing in Germany. Soil types in nearby
unmanaged land ranged from Gleysols with poor fertility to Cambisols with relatively low
to high fertility and Chernozems with very high fertility.

Winter cereals, notably wheat and barley, were cultivated on all farms, followed with
lower frequency by maize and root crops such as potato and sugar beet. Low-tillage farms
performed no ploughing of arable land, but used disc harrows, drag harrows, spring-tooth
harrows, etc. for shallow cultivation and direct drilling in case of intercrops. Conventional
tillage, practiced on three farms, implied ploughing and overturning of soil. One farm
practiced rotational tillage with ploughing only after or before specific crops (not included
in the analysis of tillage effects). Hereafter, diaspores of plants are referred to as seeds,
although some are, in fact, fruits. Two sets of seed bank samples were taken to test
the hypotheses.

2.2. Sampling Scheme I Edge Effect: Analysis of the Effect of Field Edge

To investigate the gradient in seed density and species number from the field edge
to the center of the field, sampling scheme I (Figure 1b) was carried out on three farms
(see Figure 1a, black squares), located in Magdeburger Börde (farm 3), Ostwestfalen-Lippe
(farm 5), and Hohenlohe (farm 6). On each farm, three freshly sown winter wheat field
edges were chosen. All wheat field edges were located next to sealed roads with 0.3 to
2 m wide grassy field margins in between. Square plots of 5 m × 5 m were placed on the
field edge with one square side being placed on the outermost furrow of the field. Within
the plot, seven parallel transects of 5 m length and 1 or 0.5 m width were demarcated at 0,
0.5, 1, 2, 3, 4, and 5 m distance to the field edge (Figure 1b). Per transect, five soil samples
were taken, randomly placed within each meter, using a manual steel cylinder of 10 cm
length and 3.5 cm diameter (480 cm3 soil volume). All five soil samples per transect were
pooled, resulting in seven analyzed samples per field. A total area of 0.3 m2 (to 0.1 m depth)
was sampled.

2.3. Sampling Scheme II Field Position: Seed Bank Enrichment in Flower Strips

For this sampling scheme, we selected 21 winter wheat fields located on seven farms
(see Figure 1a). On each farm, we sampled 2–3 fields with adjacent flowering strips in
autumn 2018. The flower strips were established in spring 2017 and, thus, had passed
their second growing season when sampled (see Figure S1). Some strips were resown in
spring 2018 and were prepared during the sampling for re-seeding in spring 2019. Thus,
the vegetation in these strips was removed, and soil cultivation in the form of soil-turning
ploughing and chisel ploughing had been practiced. We applied a space-for-time approach
and paired-sample design to account for differences between fields in terms of management
history, climatic conditions, and soil properties. Seed bank sampling was conducted in
three 50 m long and 2 m wide transects established in every field: one transect lay at
the field edge within a flower strip, another one at a field edge without a flower strip (if
possible, with similar neighboring vegetation structure), and a third one in the field interior
20 m distant to the edge (see Figure 1c). Each transect was divided into five subplots of
5 m × 2 m size. In each subplot, one random soil sample was taken with a cylindrical steel
probe of 20 cm length and 3.5 cm in diameter. Samples were divided into depths of 0–10 cm
and 10–20 cm, and then pooled for every depth within a transect, resulting in two samples
per transect (960 cm3). In scheme II, a total soil surface area of 0.6 m2 (to a depth of 0.2 m)
was sampled.

2.4. Seedling Emergence Method

After stratification of the samples at 5 ◦C in darkness in a refrigerator for 2 months,
the samples were processed according to the procedure outlined by Ter Braak et al. [32].
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Samples were washed through sieves (0.5 mm mesh size for gravel and twigs, and 0.02 mm
mesh size for clay, while sand could not be removed); the seed material was spread out
on fertilized garden soil and covered with a thin layer of sand on top. Seed germination
took place in a greenhouse that was kept at 15 ◦C during the night and 18 ◦C during the
day (12:12 h dark/light period). Water was added as needed. Seedlings were identified
according to images given in Hanf [33] and counted. Unidentified seedlings and type
individuals were repotted into separate pots for later identification and confirmation of
species according to Jäger and Werner [34]. After no more new seedlings were found to
emerge, watering was stopped, and samples were dried out. Six months later, a second
germination procedure was started by resuming the watering cycle for an additional
10 weeks. For preparation, the topsoil layer with the samples was disturbed, and the crust
was destroyed and turned over. All additionally emerging seedlings were handled in the
same manner as in the previous round.

Challenges encountered in the species identification of seedlings led to the following
species complexes being defined: Matricaria spp. and Tripleurospermum spp. were summa-
rized as ‘Chamomilla’; Urtica dioica and Urtica urens were classified as ‘Urtica dioica/urens’;
Papaver rhoeas, Papaver dubium, and unidentified Papaver spp. were summarized as ‘Papaver
spp.’; Amaranthus spp., Epilobium spp., Euphorbia spp., Geranium spp., Juncus spp., Solidago
spp., and Taraxacum spp. were not determined to species level. A total of 174 seedlings
remained unidentified (as they died during growth cabinet failure) and were categorized as
either grass (i.e., graminoids, sedges, or rushes; 165 seedlings) or forb (i.e., non-graminoid
herbaceous species; nine seedlings). Woody seedlings referred either to Populus or Betula
spp., as both tree species are common within the project area. Populus spp. were also
present with two seedlings in the control plots; however, they were not taken into account.
Species were classified as forbs or graminoids, and the number of species and seedlings per
group was calculated for the different localities and soil depth levels in the field.

Climatic and edaphic site factors at the sampling locations were assessed with El-
lenberg indicator values of the plant species recorded [35]. To this end, we calculated
abundance-weighted means. The aboveground vegetation in the transects (species com-
position and cover in percentage classes after Londo) was assessed by relevés recorded in
summer 2018 in the 50 m × 2 m plots (for further information on sampling method, see
Sutcliffe and Leuschner [36]).

3. Statistical Analysis

To test hypotheses I and II, a subset of seed bank samples collected in scheme II was
used, i.e., soil seed bank samples from three low-tillage and three conventional tillage farms.
In total, these comprised 17 field edge and associated field interior plots subdivided at
different soil depths. We ran linear mixed models using the ‘lmer’ and ‘anova’ functions of
the ‘lme4′ (v1.1.31) and ‘lmertest’ (v3.1.3) packages [37,38] in R software [39] version 201.09.1,
considering field within farm as random grouping variables, to analyze the number of
species (log-transformed) and emerged seedlings (log-transformed) as a function of field
location, tillage scheme, and soil depth. Subsequent pairwise comparisons using the
‘emmeans’ function of the ‘emmeans’ (v.1.8.2) package [40] with Tukey p-value correction
for multiple testing was used to analyze differences between different soil depths. For all
models, fit was evaluated with the ‘simulateResiduals’ and ‘plot’ functions of the ‘DHARMa’
(v0.4.6) package [41]. Furthermore, in sampling scheme I (three farms with three cereal
fields each), the number of species and seeds was tested for differences as a function of
distance to the field edge, applying the same statistical methods to test hypothesis I. Out of
the nine tested fields, one field was removed as an outlier (11 species and 167 seedings on
average compared to six species and 20 seedlings per distance class; after consultation with
the farmer, the plot was identified as a recent construction site), resulting in eight fields for
the final analysis.

To test hypothesis III, 19 fields from seven farms investigated within sampling scheme
II, which comprised transects located on field edges with flower strips or on the edge of
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conventional cereal fields, and in the field interior were taken. Linear mixed models using
the ‘lmer’ and ‘anova’ functions, considering field within farm as a random grouping vari-
able, were run to analyze the number of species (log-transformed) and emerged seedlings
per m2 (log-transformed) as a function of the field location. Subsequent pairwise compar-
isons using the ‘emmeans’ function with Tukey p-value correction for multiple testing were
conducted. The analysis was performed with all species and subsequently with the species
added by the flower seed mixture excluded.

Furthermore, differences in the species composition of field edge, interior, and flower
strip were analyzed employing NMDS (nonmetric multidimensional scaling [42]) using the
‘metaMDS’ function from the ‘vegan’ (v2.6.4) package [43] based on Bray–Curtis distances.
Very abundant species were down-weighted using the Hellinger transformation [44]. Effects
of farm and field location were first checked by correlation analysis using the ‘envfit’
function from the ‘vegan’ package, and then analyzed by pairwise PERMANOVA analysis,
with Bonferroni-corrected p-values. We checked for differences in between-plot variation
(beta diversity) by employing the ‘betadisper’ function from the ‘vegan’ package. The
calculated weighted mean Ellenberg indicator values were plotted for each transect to
inform about environmental conditions at the sampling site. Missing or indifferent values
were substituted by average values specific for the field location. Testing of significance
was performed with the ‘envfit_cwm’ function from the ‘weimea’ package version 0.1.4,
accounting for species abundance, and eliminating highly significant correlation values
due to circular reasoning [45]. We tested for autocorrelation between individual indicator
values using the ‘cor.mtest’ function from the package ‘corrplot’ (v0.92) [46]. As the last
step, the ‘multipatt’ function from the ‘indicspecies’ package (v1.7.12) [47] was used to
identify species associated with flower strips, field edges, or the interior.

Comparisons between aboveground vegetation and seed bank (hypothesis IV) were
conducted on the basis of species presence/absence data. First, the Sørensen index was
calculated for every plot pair/transect (seed bank vs. flower strip). Second, the species
composition was analyzed by performing an NMDS, using the ‘metaMDS’ function in R.
Only species occurring in more than three transects were considered. On five transects, no
non-crop species and, on a further four transects, only one non-crop species were found in
the aboveground vegetation. Those transects were all located in the field interiors; therefore,
we excluded all field interior transects from this analysis, resulting in 19 transects on flower
strips and field edges, respectively. For better comparability, some plant species present in
the aboveground vegetation were summed up in species complexes as were used in the
seed bank analysis (e.g., Silene spp. and Poa spp.). Furthermore, tree species such as Acer
campestre and Alnus glutinosa were removed. The effects of field location (flower strip vs.
field edge) and data type (seed bank vs. aboveground vegetation) were tested with the
‘envfit’ function.

Data were analyzed with R software [39]. Graphs were generated using the ‘ggplot2′

(v3.4.0) package [48] and ‘ggrepel’ (v0.9.2) [49].

4. Results

In the 252 soil samples, a total of 10,828 seeds germinated and could be identified to
species (118) or genus (14) level. The number of species per 50 m transect sample varied
between two (field interior) and 35 (flower strip), while the number of seedlings varied
between three and 557, respectively. The extrapolated number of seeds expected to be
present in the seed bank of 1 m2 of the studied arable land varied between 6000 and 12,000
(flower strips on average: ~29,800, field edges: ~12,100, and field interior: ~6000).

4.1. Number of Species and Seeds in Relation to Tillage Regime, Soil Depth, and Distance to
Field Edge

Within the seed bank sampling scheme I ‘edge effect’, a total of 1276 seedlings were
counted and assigned to 58 species/groups (see Table S2). Chenopodium album accounted
for around 40% of all seeds, followed by Urtica dioica/urens with 10% of the germinated
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seedlings. Fifteen species were present only once (e.g., Anagallis arvensis, Linaria vulgaris,
and Sagina procumbens), while an additional 18 species were present between two and five
times (e.g., Mercurialis annua, Galium aparine, and Veronica hederifolia). On average, one out
of the nine present grass species was observed in the subplots of varying distance with,
on average, only one individual. The transect analysis in the 5 m × 5 m plots showed
a significant decrease in species numbers and seed numbers within 1 m from the edge
(Figure 2). Forb species decreased with increasing distance to the edge from around seven
to two species and from 8000 seedlings to 1000. The number of seeds decreased from
around 40 at 0–1 m to 10 seeds between 2 and 5 m (mixed model: sum of squares = 18.8,
F6,39 = 8.8, p < 0.0001). Five times more seedlings were present next to the field edge in the
outermost subplot (0–0.5 m) than at the 5 m distance (0–5 m), and almost four times more
seedlings were present at 0.5 m compared to the 2 to 5 m distance.
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Figure 2. Boxplots of extrapolated number of grass (dark green), forb (green), and total (black) seeds
per m2 in the seed bank at distances to the field edge varying between 0 m and 5 m. Different
letters indicate significant differences according to distance (pairwise comparisons, p-value ≤ 0.05,
Tukey-corrected).

With increasing distance to the field edge, the number of species in the seed bank
significantly decreased (Figure 3; mixed model: sum of squares = 3.4, F6,35 = 6.9, p < 0.0001).
On average, seven species occurred in the seed bank between 0 and 1 m distance, and four
species occurred between 2 and 5 m distance.

Tillage regime and location (edge vs. field interior) both had a significant effect on the
number of seeds and species present in the seed bank (Figure 4 and Table 1). In general, the
number of seeds and species present was significantly higher at the field edge compared to
the field interior (Table 2). The number of species and the number of total seeds did not
significantly differ according to soil depth.

Around two-thirds of seeds and species were found in the uppermost 10 cm of soil
(mean number ± standard error of seeds per m2 on average: 6048 ± 800, species 9 ± 1) and
one-third at 10–20 cm depth (seeds: 3844± 524, species 8± 1). We found significantly more
seeds in low-tillage fields (mean of field interior: 7598 ± 1533, field edge: 15,078 ± 2236)
than under conventional tillage (field interior: 6419 ± 2996, field edge: 10,794 ± 2749).

The number of species was also significantly higher in low-tillage fields (field interior:
8 ± 1, field edge: 12 ± 1) than at conventional tillage (Figure 4 field interior: 4 ± 1, field
edge: 9 ± 1).
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Figure 3. Number of species in the seed bank as a function of distance to the field edge. Signifi-
cant pairwise differences are indicated by different letters (pairwise comparisons, p-value ≤ 0.05,
Tukey-corrected).
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Figure 4. Boxplots of the number of species (left) and seeds (right) in field interior and field edge
for different soil depths on low-tillage and conventional tillage farms (tillage: n = 9; low-tillage:
n = 8). Significant pairwise differences are indicated by different letters (pairwise comparisons,
p-value ≤ 0.05, Tukey-corrected).

Table 1. Effects of soil depth, field position, and tillage regime on seed and species number assessed
with linear mixed models (ANOVA). Sum Sq: sum of squares; Num DF: number of degrees of
freedom, Den DF: denominator degrees of freedom; F: F-value; p: probability value.

Sum Sq Num DF Den DF F p

Number of species

Depth 0.233 1 45 2.884 0.096
Field position 6.321 1 45 78.215 <0.001
Tillage 0.621 1 15 7.682 0.014
Depth × field position 0.0146 1 45 0.203 0.654
Depth × tillage 0.215 1 45 2.661 0.100
Field position × tillage 0.768 1 45 0.91 0.004
Depth × field position × tillage 0.008 1 1 0.101 0.752
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Table 1. Cont.

Sum Sq Num DF Den DF F p

Number of seeds per m2

Depth 2.624 1 45 1.9 0.0711
Field position 13.236 1 45 10.2 <0.001
Tillage 3.651 1 15 4.3 0.046
Depth × field position 0.4122 1 45 0.5367 0.468
Depth × tillage 0.0014 1 45 0.0018 0.967
Field position × tillage 0.3966 1 45 0.5164 0.476
Depth × field position × tillage 0.0856 1 1 0.1115 0.740

Table 2. ANOVA results of fixed effects of linear mixed models on differences according to field
interior, field edge, and flower strip in the number of species and seeds present in the soil seed bank
(fls: flower strip seed mixture species).

Sum Sq Num DF Den DF F-Value p

Number of species
Field location (total) 8.1 2 36 34.9 <0.0001
Field location (without fls) 4.5 2 36 18.2 <0.0001

Number of seeds
Field location (total) 32.6 2 36 24.9 <0.0001
Field location (without fls) 30.7 2 36 23.5 <0.0001

4.2. Differences in Abundance, Species Numbers, and Species Composition of the Seed Bank
According to Field Location

In total, 8786 seedlings were counted (flower strip: 5445; field edge: 2166; field interior:
1175) in sampling scheme II and assigned to 113 species/groups (see Table S3). Overall, 85%
of the seeds were forbs, and 15% were grasses (158 seedlings remained unidentified), with
proportionally more gramineous seedlings observed in field edges (80:19) and interiors
(83:15) than in flower strips (88:11).

Comparing the species composition of the seed bank of flower strips, field edges, and
field interiors revealed no significant differences among the three habitat types, when taking
the abundances of the 113 species/groups into account. A total of 41 species occurred in all
three field locations. The most abundant species, i.e., Chenopodium album, Urtica spp., and
species of the ‘Chamomilla’ group, were also found on most transects.

Transects located in the north/northeast of Germany with low tillage and rotational
tillage were concentrated in the upper part of the NMDS plot, while transects from farms in
southern and southwestern Germany with conventional tillage dominated in the lower part
(Figure 5). The NMDS further revealed that field location did not correlate with either of
the axes but that the factor farm strongly correlated with the first axis (R2 = 0.40, p = 0.001).
None of the Ellenberg indicator values were significantly correlated with the NMDS axes
(results not shown).

The number of species and seeds in the seed bank differed significantly across the
three field locations (see ANOVA results of fixed effects in Table 2 and Figure 6).

The number of seeds per m2 was highest in the flower strips, irrespective of whether
the sown species in the flower strips were included (mean ± s.e.: 29,633 ± 4369), followed
by field edges (11,801 ± 1632) and field interior (6420 ± 1565). The number of species,
including sown species, was significantly higher in flower strips (19 ± 2) than at the field
edges (13 ± 1). When excluding the sown species, the number of species in the seed bank
was equal in flower strips and field edges (12 ± 1 and 11 ± 1), but still significantly higher
than in the field interior (6 ± 4).
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strip and field edge; statistical results in Table S4).
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Figure 6. Boxplots of the number of species and seeds (with and without species sown with flower
strip seed mixture, fls) found in the seed bank in flower strips (red), field edges (green), and field
interior (dark grey) (n = 19). Significant pairwise differences are indicated by different letters (pairwise
comparisons, p-value ≤ 0.05, Tukey-corrected).
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4.3. Differences in the Composition of Seed Banks and Associated Above-Ground Vegetation

We found 114 species/species complexes in the seed bank, while 176 species were
present in the aboveground vegetation of the plots. A total of 71 species were shared
between seed bank and vegetation, including the abundant annuals Chenopodium album
and the ‘Chamomilla’ group. A total of 43 species were only present in the seed bank
(e.g., Juncus spp. and Lamium purpureum), while 105 taxa occurred exclusively in the
aboveground vegetation (e.g., Dipsacus fullonum, see summary in Table S3). The NDMS
revealed significant differences in species composition between field edge and flower
strip on the one hand, and between seed bank and aboveground vegetation on the other
(Figure 7). Both habitats (flower strip vs. field edge: envfit analysis R2 = 0.19, p = 0.001) and
vegetation components (seed bank vs. vegetation: R2 = 0.38, p = 0.001) were significantly
correlated with the two first NMDS axes.
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Figure 7. NMDS with Jaccard distances based on species presence/absence data including
96 species/complexes (rare species excluded) (k = 3, stress = 0.182). Circles show 85% confidence
interval for species composition of seed bank and vegetation on field edges and flower strips. Only
species with a significant ecological preference for field locations are shown (see box top right, statistic
results in Table S5).

According to the multipattern analysis (for details, see Table S5), 25 out of the 27 species
associated with flower strips originated from the seed mixture, of which five were also
associated with the soil seed bank and 17 were identified as weeds. While the number of
species associated with the field edge is low, no associated species were shared between
the vegetation and the soil seed bank.

Furthermore, the multi-pattern analysis showed that many species contained in the
flower strip seed mixtures were significantly correlated to the above-ground vegetation
(e.g., Foeniculum vulgare and Silene spp.), while non-sown weed species of the aboveground
vegetation, i.e., spontaneously occurring taxa, were more often correlated to the seed bank
in flower strips and field edges (e.g., Juncus spp., Chenopodium album, and Capsella bursa-
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pastoris). Some flower strip species were common in the seed bank and the aboveground
vegetation (e.g., Leucanthemum vulgare/ircutianum, Daucus carota, and Achillea millefolium).
Common in the aboveground vegetation but absent from the seed bank was, for example,
Cirsium arvense.

The number of species was higher in the aboveground vegetation than in the seed
bank in flower strips (seed bank vs. vegetation; 18 vs.25), but higher in the seed bank at
the field edges (13:8) and in the field interior (7:3). A similar pattern was observed for
plant abundance (seed numbers and vegetation cover). When expressed in relative values
(flower strip set to 100%), species numbers in the aboveground vegetation decreased from
10% in the field edge to 3% in the field interior, while the number of seeds dropped to 41%
and 20% compared to the flower strips. The Sørensen similarity index indicated the highest
similarity of vegetation and seedbank in flower strips, followed by field edges and by field
interiors (Table 3).

Table 3. Sørensen similarity index, and number of species present in both seed bank and vegetation
or only in seed bank or vegetation in the three habitat types. Pairwise comparisons of seed bank and
vegetation in field edges and flower strips. Values per transect: n = 3 × 19.

Sørensen Similarity
Index Both Seed Bank Only Vegetation Only

Mean ± SE Mean ± SE Mean ± SE Mean ± SE

Field interior 0.17 ± 0.04 1.05 ± 0.44 6.40 ± 0.90 2.25 ± 0.67
Field edge 0.20 ± 0.02 2.40 ± 0.34 11.50 ± 0.89 5.90 ± 0.84
Flower strip 0.33 ± 0.02 8.10 ± 0.84 13.55 ± 1.36 17.85 ± 1.58

5. Discussion

In this comparative study of the seed bank in flower strips, field edges, and field
interiors in intensively used agricultural landscapes in seven regions of Germany, the
extrapolated number of seeds varied between 6000 and 12,000 per m2 of arable land. While
these numbers are lower than seed densities of 47,000 per m2 reported from sandy fields
in eastern Poland [50], up to 20,000 per m2 from Danish fields [51], and of 15,000 per m2

from Czech fields [52], seed densities in our study matched very well seed densities from
Poland [53], southern Germany (8270 per m2 [54]), and northern Germany (approximately
8500 per m2 [17]).

5.1. Edge Effect and Low-Tillage Increase Seed Bank Density in Arable Soils

Confirming our first hypothesis, we found more species and higher total seed numbers
in field edges compared to the field interior. Sampling in small distance steps from the
edge confirmed that a pronounced edge effect does exist within the first 2 m of the field.
This result is in accordance with several other studies from Europe, confirming that field
edges can be refugia for various weed species, including rare taxa, while the field interior
is much less diverse [7,23,55]. A study on the arable seed bank of dicotyledons in England
found mostly arable weeds within the first few meters, while species originating from
the margin vegetation, such as Galium aparine and Urtica dioica, were rather rare in that
soil seed bank [22]. In line with our results, the same study revealed a decrease in seed
bank diversity and density within the first few meters. Interestingly, in our study, the
reduction in seed and species numbers from field edge to interior only occurred in forbs,
while grasses stayed constant with on average one species and one seed per m2 along the
same gradient. The low density of grass seeds is unexpected, because we anticipated seed
rain from the adjacent grassy field margins at least within 1 m of the field. One possible
explanation could be the maintenance regime of the field margins, the regular cutting of
which prevents successful seed production (own observation and personal communication
of the farmers). In addition, seed rain from the field margins might be limited due to the
very narrow field margins in our study (less than 0.5 m wide).
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Our second hypothesis prediction that fields on low-tillage farms contain more seeds
and species in the seed bank than fields under conventional tillage was also confirmed by
our data. However, contrary to our expectations, we did not find a significant decrease in
the number of seeds with increasing soil depth, i.e., from 0–10 cm to 10–20 cm, in any habitat
type. This might have been caused by the fact that even low-tillage regimes disturb the
topsoil layer to a depth of up to 20 cm, depending on the equipment used. Therefore, seeds
will be evenly distributed within the top 20 cm, independent of the tillage system. A study
on the effects of different tillage systems on the vertical distribution of seeds at three sites in
England also found no vertical differences in seed numbers for conventional and low-tillage
systems. In fact, accumulation of seeds in the first 5 cm of the topsoil was found only in
zero-tillage systems [56]. In general, the size of the seed bank increases with conversion
from conventional tillage to low-tillage systems. However, there are complex interactions
of tillage system, herbicide application, and crop rotation (reviewed in [57]). Low and no
tillage, combined with specific crop rotations and pesticide application schemes, might
even lead to a decrease in weeds in the soil seed bank, when mechanical weed control is
replaced by intensified chemical control [58,59].

In our sample of seven farms, geographical location, soil properties, and local dif-
ferences in crop rotation must be taken into account as additional explanatory variables
when explaining seed bank differences. This is reflected in the fact that all large farms
in our sample were located in the north and northeast of Germany and were practicing
low tillage, while the smaller, family-run farms characteristic for western and southern
Germany carried on with conventional tillage. Taking further into account that species
pools usually differed across regions [3,60], our finding that the variable ‘farm’ explained
more variation in species composition than habitat type (or field location) seems to be the
result of a complex interplay of these factors. Consequently, only 12 of 117 plant species
occurred in the seed bank of all seven farms that were studied. The ubiquitous species
included taxa such as Chenopodium album, the Chamomilla group, and Poa spp. However, all
three taxa exhibit large differences in seed density between farms. This result is consistent
with findings of a comparable study on weed species in the aboveground vegetation of
fields located in Catalonia (Spain) and Lower Saxony (Germany), where a share of common
species of only 15% was reported [61]. A study in Bavaria identified management factors,
notably previous crop cover, as one of the most important factors influencing the density
and composition of the seed bank [28]. In our study, the seed bank of directly neighboring
fields within one farm also showed high small-scale variation.

Certainly, a more comprehensive analysis with consideration of the complexity of the
surrounding landscapes [62], as well as crop rotation patterns, might help to explain differ-
ences between farms and to quantify the effect of geography on seed bank composition. Yet,
despite considerable variation among fields due to crop rotation, soil type, and herbicide
and fertilizer use patterns, our data show a negative effect of conventional tillage systems
on seed density compared to low- or no-tillage systems.

5.2. Flower Strips Enrich the Quality and Quantity of Seed Banks

In line with our third hypothesis, seed banks of flower strips had higher species
numbers and seed densities than adjacent fields both at the field edge and in the field
interior. We found 2–3 times higher seed densities on flower strips than on field edges in
equivalent positions, regardless of whether sown flower strip species were included or not.
Yet, the total number of species found in the seed bank of flower strips was not elevated in
comparison to the field edges, indicating that sown species seemed not to accumulate in
the soil seed bank, at least within the first 2 years after sowing. The seed bank composition
supports this finding, i.e., we observed a similar arable species composition in the seed
bank of flower strips and conventional field edges after two vegetation periods. However,
some species such as Chenopodium album, Veronica persica, Thlaspi arvense, and Rumex crispus
were found to be associated with flower strips and, thus, seem to have benefited from their
establishment. It is well known that these taxa can reach high densities in the seed bank
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due to a high seed production per plant [63–65]. T. arvense, for example, can shed up to 3000
and R. crispus can even shed up to 60,000 seeds per plant. Both species may also profit from
the lack of pesticide application in flower strips and are, therefore, able to replenish their
seed bank. Nevertheless, this did not lead to a principal difference in species composition
between flower strips and field interior. If at all, we expect this differentiation to occur only
several years after flower strip establishment.

In line with this finding, only a few species from the sown seed mixture, e.g., Plantago
lanceolata or Daucus carota, were able to establish a seed bank. Possible causes for this might
be the short lifespan of the flower strips due to flower strip management by farmers, which
may have prevented the development of adult seed-producing individuals of perennial
plant species. In contrast, studies on vegetation development of undisturbed flower strips
with high sown wild plant diversity show that these plants are able to establish a seed bank
and make reseeding superfluous [66].

We expected that higher fertilizer load and, as a result, lower light availability in the
field interior compared to field edges would translate into marked differences in Ellenberg
indicator values. However, no such pattern was found. Similarly, in arable fields in
northeastern France, aboveground vegetation of field edges and field interiors did not
differ in Ellenberg nitrogen and light values, which led the authors to the conclusion that
field edges and interiors have similarly high nutrient levels [23]. Newly established flower
strips did not change that matter.

Concerning the accumulation of problematic weed species in the seed bank, we ob-
served a significant increase in some problematic species, i.e., Chenopodium album, Rumex
crispus, Poa spp., and Echinochloa crus-galli. Consequently, we observed increasing ap-
plication of herbicides in the course of flower strip establishment, a phenomenon that
was especially pronounced on low-tillage farms. Some farmers even decided against re-
establishment of flower strips, terminated agri-environmental measures ahead of time,
and re-established crop fields on the area of flower strips to suppress emerging weeds. In
addition, those areas were often treated with higher amounts of herbicides to combat and
prevent the spread of occurring weeds (personal communication of local farmers). Since
this development calls into question the whole point of flower strip establishment, advice
to farmers must improve to reduce the risk of weed infestation after the establishment of
flower strips. Adapting the seed mixtures and cutting the vegetation at 25–30 cm height in
the first year could help to overcome some of the problems associated with flower strip
establishment [67].

The composition of the aboveground weed vegetation of conventionally managed
fields made it unlikely that high-nature-value species or taxa not present in the aboveground
vegetation can be still found in the seed bank [25]. In general, seed banks of farmland
with a long history of intensive use, i.e., high chemical and physical stress levels, are
mostly depleted [68]. As a consequence, the restoration potential of the seed bank is
limited [29]. Despite the limitations of seed bank analyses to detect rare species, we found
two individuals of Myosurus minimus, a species classified as vulnerable according to the
red list of threatened plants [69].

Our study of seed bank changes in the context of short-term establishment of flower
strips on fertile arable land shows that only few and common sown flower strip species,
such as Plantago lanceolata or Daucus carota, were able to establish also in the seed bank
after two vegetation periods. We found no general increase in seed bank diversity under
flower strips, but observed an increase in some problematic weed species, which might
have jeopardized the acceptance of agri-environmental measures by farmers.

5.3. Larger Differences between Aboveground Vegetation and Seed Bank in the Field than in
Flower Strips

Comparison of seed bank and aboveground vegetation in the three field locations
revealed a higher Sørensen similarity index for flower strips compared to field edges and
field interior. A study comparing seed bank and aboveground vegetation before first
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herbicide application on seven spring barley fields in England found that, depending on
the species, 0.4–55% of the seeds were present as seedlings in the aboveground vegetation.
This highly variable relation is largely influenced by the coincidence of crop management
schemes and the timing of seedling emergence [22]. The aboveground vegetation in the
field interior often comprises only the cultivated crop and barely any additional weed
species, while the soil seed bank may still contain some additional species. Under intensive
conventional farming practices, most weed seedlings in the field will not fully develop as
a consequence of herbicide use and low light availability under the crop [26], while the
seed bank often is less impacted by the management regime [70,71], which can explain
low similarity between aboveground vegetation and seed bank. At the field edge, where
fertilizer and pesticide amounts are usually reduced, more weed species are typically able
to establish themselves as plants [5]. In flower strips, with reduced to no fertilization
and use of herbicides, similarity between seed bank and aboveground vegetation was
highest, although many sown species were missing in the seed bank. The high similarity
in flower strips is confirmed by another study investigating the established flora in sown
flower strips [72]. They found that over half of species present in the vegetation were not
sown. Among the most abundant plants were several common weed species, probably
germinated from the seed bank. The spatial distribution of seeds in the soil is usually
highly patchy [21]. In arable fields, however, regular soil disturbance may lead to a
more even distribution pattern of the seed bank, which may also translate into a more
evenly distributed aboveground vegetation. Consequently, when no herbicides are applied,
Sørensen’s similarity index between vegetation and seed bank may reach values as high as
65% [73].

6. Conclusions

In this study, we showed that the weed seed banks in conventional arable fields of
seven regions of Germany were, apart from a few dominant species, largely depleted.
However, species diversity and the abundance of seeds were still higher at the field edge,
which may provide refugia for some arable species. Low-tillage regimes in general seemed
to support higher seed densities and a greater number of species in the seed bank in
the upper 20 cm of soil than conventional tillage. Regardless of tillage system, the seed
bank was found to be largely dominated by nitrogen- and light-demanding competitive
species. Flower strips of short duration, a widely established element of agri-environmental
measures to increase biodiversity in intensive farmland, only showed a limited potential
to enrich the depleted seed bank with naturally occurring or even rare arable species.
The possible increase and dominance of problematic weed species on flower strips needs
close monitoring, especially on fertile soil. Otherwise, increased herbicide treatment to
control weed-dominated flower strips may outweigh any positive conservation benefit of
flower strips.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/land12040926/s1, Figure S1: Soil seed bank sampling; (a) field
edge with winter cereals, (b) flower strip in autumn, (c) soil sampling and (d) seedling emergence in
the green house. Table S1: Mean field size [min:max], soil quality score (SQR), tillage regime and
main crops cultivated on the 7 studied farms. Table S2: Species list for distance classes (alphabetically
ordered), mean values for species and seed [mean ± sd] and total number of seedlings per species.
Table S3: Species list of sampling scheme II, field position, with total number of seedlings per transect
(sampled area 0.01 m2) and number of transects. Table S4: Results of multilevel pattern analysis,
only significant species associations are shown. Table S5: Results of multilevel pattern analysis, only
significant species associations are shown.
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