| agriculture

Article

Weed Densities in Perennial Flower Mixtures Cropped for
Greater Arable Biodiversity

Laura Tamms 1*, Friederike de Mol 1, Michael Glemnitz 2

check for

updates
Citation: Tamms, L.; de Mol, E,;
Glemnitz, M.; Gerowitt, B. Weed
Densities in Perennial Flower
Mixtures Cropped for Greater Arable
Biodiversity. Agriculture 2021, 11, 501.
https:/ /doi.org/10.3390/
agriculture11060501

Academic Editor: Roberto Mancinelli

Received: 8 April 2021
Accepted: 25 May 2021
Published: 28 May 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Birbel Gerowitt !

Group Crop Health, Faculty of Agriculture and Environmental Sciences, University Rostock,

18051 Rostock, Germany; friederike.de-mol@uni-rostock.de (F.d.M.); baerbel.gerowitt@uni-rostock.de (B.G.)
Leibniz Centre for Agricultural Landscape Research (ZALF), 15374 Miincheberg, Germany;
mglemnitz@zalf.de

*  Correspondence: laura.tamms@uni-rostock.de

Abstract: The cropping of perennial wildflower mixtures to produce biomass for use in biogas plants
is one option for breaking maize’s dominance as a bioenergy feedstock. The aim of this study was
to investigate the development of weeds in commercially produced perennial wildflower mixtures.
Weed control during the establishment of perennial wildflower mixtures is very difficult to manage
and raises the issue of the development of new weed problems when cropping perennial wildflower
mixtures. In a three-year field experiment with staggered starts in four sites in northeast Germany,
a perennial crop mixture was sown each year. The weeds and sown crops were surveyed annually in
June. Plant densities and species numbers were counted and diversity indices calculated. Data were
analysed using linear mixed models. Across all sites, weed density decreased significantly over the
years of use (=cropping seasons), while weed species richness in the perennial mixture remained
unchanged. The sown crop species richness significantly decreased, while the sown crop densities
increased with cropping seasons. Weed density did not increase at any of the experimental sites.
Although weed densities were high and crop establishment was poor in the first growing seasons,
the perennial mix was able to suppress weeds in the following growing season. It was concluded
that the cropping of perennial flower mixtures could contribute to biodiversity without causing new
weed problems.

Keywords: northeast Germany; agricultural diversity; vegetation monitoring; reduced tillage; field
experiment; energy crops; renewable energy

1. Introduction

The stated aim of the European Commission is to reduce greenhouse gas emissions
by at least 40% compared with 1990 and increase the share of renewable energy to meet
its obligations under the Paris Convention and create a fossil-free future. In Germany,
the Renewable Energy Act (EEG) provides financial support for the development of the
renewable energy sector in order to meet Germany’s climate protection targets. Bioenergy
production has increased since the EEG came into force in 2000.

Maize is widely used as a biomass feedstock for bioenergy production. The area
cropped with maize has increased over the past twenty years and led to landscape changes.
In Germany, the cultivation area for maize for use in biogas plants is 2,720,500 hectares,
more than double that in 2000. Maize cultivation often requires higher inputs of agrochem-
icals [1,2]. Owing to its possible negative effects on the environment, such as soil erosion,
nitrate leaching, intensive use of pesticides and fertilisers and declining agrobiodiversity,
more maize cropping or even monocropping is being debated throughout Europe [3,4].
It would appear that alternative crops for biogas production are needed to slow this trend
for more maize.

The aim of German agricultural policy is to increase biodiversity, improve soil struc-
ture and reduce the use of agrochemicals. The negative environmental effects of maize
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cropping may be reduced by intercropping systems, perennial monoculture and peren-
nial wildflower mixtures specially composed for biomass production. Perennial mixtures
could produce biomass yields on marginal agricultural land and contribute to biodiversity
protection and conservation [5,6]. Perennial wildflower mixtures are a way for farm-
ers to meet their economic objectives while benefiting the ecology and environment of
arable landscapes.

The economic benefits of perennial wildflower mixtures for farmers are due to their
differences from annual cropping systems. In general, much less labour, material and
management input are required for perennial mixtures than for maize [7,8]. A perennial
mixture is cropped for up to five years: once it is sown and established, the mixture is cut
annually at harvest and the vegetation regrows the following year. No further mechanical or
chemical inputs are necessary, and only a low fertiliser application is recommended [9,10].
The year-round vegetation cover prevents soil erosion and leaching of nutrients and
improves the soil’s biological activity [11-15].

The benefits for ecology and the environment of cropping perennial mixtures are
due to the absence of certain farming activities on arable land, with less disturbance of
biodiversity (plants and wildlife) and fewer fertilisers and pesticides applied [14,15]. With
a heterogeneous vegetation structure, wildflower mixtures provide habitats that are scarce
on farmland. Wildflower mixtures are therefore regarded as key measures in improving
biodiversity [16,17]. The perennial mixtures contain a variety of species with different
life cycles. Annual, biennial and perennial species mixed together are more diverse and
promise different flowering periods, providing pollen, nectar and shelter for a wide range of
flower-visiting insects such as honey bees [18-24]. The biomass yields of perennial mixtures
depend on their species composition, and the establishment success at the location and in
the particular year. Methane yields per hectare from perennial mixtures are around half
that of maize [7,18,25].

Like maize, perennial wildflower species are slow in emergence and early growth
(e.g., Inula helenium L., Verbascum thapsus L.), or their germination is delayed (e.g., Artemisia
vulgaris L.) [18]. Therefore, crop competition is poor initially and highly likely to leave
room for spontaneous plants (weeds) to colonise among the wildflower species. Weeds
generally threaten crops by competing for space, water, nutrients and light, but they
also contribute to the biodiversity of arable fields provided they do not overwhelm the
crops [26]. Control methods to reduce weeds are hard to implement in perennial crops.
Herbicides are not registered for use in perennial mixtures and probably never will be,
because selectivity for many crop species is difficult to achieve. Mechanical control is very
limited in dense perennial crops. Perennial weeds with deep root systems can present a
major problem [27,28]. The fact that perennial wildflower crops can become a source of
weed species for the cropping area and neighbouring land may reduce their acceptance
by farmers.

In this study, a commercial perennial wildflower mixture was cropped in field experi-
ments at four sites in northeast Germany characterised by sandy soils. The weed vegetation
in the perennial wildflower mixture was investigated over three cropping seasons.

It was hypothesised that the cropping of perennial wildflower mixtures: (1) does not
lead to greater weed density and (2) increases biodiversity on sandy sites.

2. Materials and Methods

The field trials were established at four sites in two regions in northeast Germany:
two sites in the state of Mecklenburg-Western and two in the state of Brandenburg. At the
Mecklenburg-Western Pomeranian sites of Rostock (R) and Malchow (M), the experiments
ran from 2014 to 2016, while at the Brandenburg sites of Dedelow (D) and Miincheberg
(Z), they ran from 2015 to 2017. The agricultural conditions are representative of large
parts of northern continental Europe. The geomorphology of all the experimental sites
contains deposits from ice ages and post-glacial processes. The climatic conditions of the
experimental sites are characterised by a transition between maritime and continental
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climates. All the sites are typical of climate conditions where there are low levels of
precipitation. Information about the field conditions is given in Table 1.

Table 1. Field conditions at the experimental sites.

Factor R M D VA
Temperature 1 10.5°C 9.9 °C 9.4°C 9.9°C
Precipitation 1 584 mm 517 mm 531 mm 520 mm

Soil type loamy sand sandy loam  sandy loam loamy sand
Soil classification 2 45 56 42 25
Plot sizes 30 m? 18 m? 48 m? 64 m?2

1 Average of the three-year experimental period. > German rating index of the soil classification scheme; points
range from 1 (poor soil) to 120 (best soil).

At each site, a field experiment with a staggered start was set up in a completely
randomised block design with two experimental factors and four replicates. Six treatments
resulted from the experimental factors. At each site, the factor “sowing year” had three
levels, referred to by the year in which the perennial mixture was sown (Table 2). The
second factor, “seed rate”, was treated in two levels: sowing either at the recommended
rate of 10 kg/ha or at a reduced rate of 6.7 kg/ha. The reduced seed rate was intended to
simulate the poor establishment of the perennial mixture.

Table 2. Experimental factors, chronological progression of the cropping seasons and set-ups to
follow weed density development ( — ).

Site Seed Rate Sowing Year Cropping Season

Same plots/ different years

&
2014 | First Second | Third g,

Rand M 2015 First Second | &
10 kg/ha 2016 First %

or Same plots/ different years .=

6.7 kg/ha 2015 First Second 1 Third 1%

Dand Z 2016 First Second 5‘2
2017 First A

R = Rostock, M = Malchow, D = Dedelow, Z = Miincheberg.

In the first experimental year (2014 in R and M; 2015 in D and Z, Table 2), at the
beginning of May, the two seed rates of the perennial mixture were sown in two treatments.
The plots not carrying the perennial mixture in the first and second experimental years were
sown with rye as an interim crop to prevent weed growth. In the second experimental year,
the perennial mixture was sown at the two seed rates in two new treatments. The perennial
mixture sown in the first experimental year was in the second year of use (=second cropping
season), and the newly sown perennial mixture was in the first year of use (=first cropping
season). In the third experimental year, two new treatments were sown at the two seed
rates. In the third experimental year, all the plots carried the perennial mixture. Treatments
in the first, second and third cropping seasons of perennial mixtures were now growing
side by side in the experimental field (Table 2).

The design of the experiments allowed a comparison of weed densities in the treat-
ments in the two set-ups, i.e., a comparison of the same plots in three consecutive cropping
seasons and those of different plots in different cropping seasons in the same year (last
experimental year). In the first set-up, weed densities were counted on the same plots in the
three cropping seasons. As these plots stayed the same over time, this set-up is referred to
as same plots/different years (Table 2). In the second set-up, weed densities in three cropping
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seasons of the perennial wildflower mixture were also monitored but were all investigated
in the same year (third experimental year). Thanks to the perennial mixtures being sown
year after year, the mixtures sown in the first, second and third cropping seasons were
growing side by side in the third experimental year. As these plots were different but the
year was the same, this set-up is referred to as different plots/same year (Table 2).

The perennial wildflower mixture “BG 70” [29] was sown in all treatments. Produced
and sold by the seed breeding company Saaten Zeller GmbH & Co. KG (Eichenbiihl-
Guggenberg, Germany), it contains 23 species, including annual, biennial and perennial
plant species that have been specially compiled to produce biomass for use in biogas plants
(Table 3). The perennial mixture was hand-sown with soy meal or sand to improve seed
dispersal. In the autumn, the grown biomass of the perennial mixture was cut and removed
from the field.

Table 3. Species list of the perennial mixture BG 70 (Saaten Zeller GmbH & Co. KG). Botanical name
and weight proportion (%) in the perennial mixture BG 70.

Annual Species Perennial Species
Fagopyron esculentum Moench 8.0 Althaea officinalis L. 5.5
Helianthus annuus L. 8.0 Anthemis tinctoria L. 0.1
Malva verticillata L. 7.5 Artemisia vulgaris L. 1.0
Centaurea nigra L. 20.0
Biennial species Cichorium intybus L. 2.0
Daucus carota L. 0.1 Foeniculum vulgare Mill. 4.0
Dipsacus sylvestris Huds. 0.5 Inula helenium L. 5.0
Echium vulgare L. 0.5 Malva alcea L. 0.6
Melilotus albus Medik. 3.5 Malva sylvestris L. 7.0
Melilotus officinalis Lam. 7.0 Medicago sativa L. 2.0
Reseda luteola L. 0.3 Onobrychis viciifolia Scop. 9.0
Verbascum thapsus L. 0.5 Silene dioica Clairv. 0.2
Tanacetum vulgare L. 5.0

Plant surveys were conducted annually in June. A distinction was made between
sown species, i.e., “crops” from the perennial mixture, and unsown species, i.e., “weeds”.
Species and plants per species were counted in four sample quadrats (50 cm x 50 cm) per
plot. Where possible, plants were identified at the species level and otherwise at the genus
level. The sample quadrats were located with high-precision GPS so that the same areas
were always evaluated.

The data from the sample quadrats per plot and year were pooled and diversity
indices calculated for one square metre. The diversity was quantified as: (i) total plant
density per square metre, (ii) species richness per square metre, (iii) evenness (Shannon’s
E) as a measure of equitability, (iv) Shannon index (Shannon’s H) as a measure of species
diversity and (v) inverse Berger-Parker dominance index (BPH) as a dominance measure.
The higher the BPH index value, the less the most dominant weed species is represented in
the total density. More than one species must grow in each plot to calculate Shannon’s E
accurately; therefore, all plots with fewer than two plant species were excluded from the
analyses. This step caused different sample sizes for weed species and crop species. The
cleaned dataset was used for the linear mixed-effects model and the original dataset was
used for the boxplots. The data were tested for homogeneity of variance using Levene’s test
and tested for normal distribution. The plant density data were square-root-transformed.
Due to the staggered start, the sample sizes of the cropping seasons varied. The first
cropping season had the largest sample size (n = 96), while the second cropping seasons
gave a sample size of n = 64 and the third cropping season a sample size of n = 32.

All statistical analyses were performed in R [30]. Differences in calculated diversity
indices between cropping seasons for weeds and crops separately were analysed. A linear
mixed effects model was fitted and analysed by ANOVA using Satterthwaite’s method.
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The full model contained the fixed effects of cropping season (factor level: first, second
and third cropping season) and seed rate (factor level: 10 kg/ha and 6.7 kg/ha) and their
interaction, and the random factors were the experimental year in which the surveys were
carried out (2014-2017) and the block within the plot nested in the site. For linear mixed-
effects models, the package ‘lme4” was used [31]. The 'Imer’ functions from the package
‘Ime4” were able to deal with unbalanced designs. Post-hoc pairwise comparisons with
Tukey adjustments were performed with a significance level of p < 0.05 using R package
‘emmeans’ [32].

3. Results
3.1. Weed Species

A total of 96 weed species were identified during the three experimental years, in-
cluding 90 weed species and six weed genera. The species showed considerable regional
differences in their frequencies. Of the weed species, 63 were located in R, 61 in M, 36 in
D, and 39 in Z (Table A1). The majority of the weed species in the first cropping season
across all sites were annual weed species (60%), a few were biennial (10%) and the rest were
perennial (30%). Short-lived species decreased from the first cropping season to the third
cropping season (Arabidopsis thaliana Heynh., Chenopodium album L., Amaranthus retroflexus
L.). The percentage of annual species became smaller and the percentage of perennial
species greater in subsequent cropping seasons. In the third cropping season, about 50% of
the recorded weed species were perennials, with grass species occurring in higher densities
(Anthoxanthum odoratum L., Apera spica-venti Beauv., Poa annua L.). Chenopodium album was
the most dominant species at all sites in the first cropping season. In the second cropping
season, the density of C. album decreased, while it increased for Erigeron canadensis and
Veronica persica.

3.2. Weed Density and Diversity

The weed density and diversity indices varied significantly between cropping seasons
(Table 4). The weed density halved with each cropping season (Figure 1). The values of
the diversity indices increased by cropping season (Table 5). Although the weed species’
richness decreased over the three seasons (Figure 1), the effect was not significant (Table 4).
The factor seed rate did not influence weed density, weed species richness or diversity
indices (Table 4). Although the weed species richness remained constant, Shannon’s H
index changed significantly. The high Shannon’s H index in the third cropping season
was not due to a high weed species richness, but rather due to the equal distribution of
the weed species (Table 5). In the first and second cropping seasons, the Shannon’s E
value ranged from 0.5 to 0.6, indicating that the individual number of weed species was
unequally distributed. The value of the BPH index increased with the cropping seasons.
In the first cropping season, one weed species (C. album) made up about 50% of the total
weed density, whereas in the third cropping season, one weed species (A. spica-venti) made
up just 33% of the total weed density.

3.3. Crop Density and Diversity

The variance analyses in the linear mixed effects model showed that the factor crop-
ping season affected crop density, crop species richness and Shannon’s H. The factor seed
rate only affected crop density (Table 4). The crop density increased with each cropping
season (Figure 1) and was higher in the treatments with the recommended seed rate. The
model revealed a significant influence of cropping season on crop species richness (Table 4).
In the third cropping season, the perennial mixture had significantly fewer species than in
the first and second cropping seasons (Figure 1). At site D, no crops were established in the
third cropping season. During the field experiment, an average of five crop species was
established and three of the crop species dominated across all years and sites (Tanacetum
vulgare, Artemisia vulgaris and Centaurea nigra). Shannon’s H, Shannon’s E and BPH diver-
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sity indices did not differ significantly between cropping seasons, although there was a
tendency for smaller values in the third cropping season (Table 5).

Table 4. Significance of the factors and their interactions, separated for weeds and crops. The interaction between cropping
season and seed rate was tested, but no interaction was determined. The random factor block had no effect. (source:
“emmeans” glm model output).

Fixed Effects Random Effects
Crop. Seas. Seed Rate Exp. Year Site Plot (Block, Site)
Weeds
Density <0.001 *** 0.938 1.000 <0.001 *** 0.542
Species richness 0.137 0.739 <0.001 *** <0.001 *** 0.049 *
Shannon’s H <0.001 *** 0.553 <0.001 *** <0.001 *** 1.000
Shannon’s E <0.001 *** 0.339 <0.007 *** <0.007 *** 0.721
Berger-Parker index <0.007 *** 0.583 <0.007 *** <0.001 *** 1.000
Crops
Density <0.043 * <0.01 ** <0.032 * <0.007 *** <0.01 **
Species richness <0.049 * 0.607 <0.001 *** <0.001 *** <0.01 **
Shannon’s H <0.026 * 0.769 <0.001 *** <0.001 *** <0.001 ***
Shannon’s E 0.626 0.432 0.015* <0.01 ** <0.01 **
Berger-Parker index 0.209 0.920 <0.007 *** <0.01 ** 0.184

p <0.05,p<0.01* p<0.001**, p <0.00 ***. Crop. seas. = cropping season, Exp. year = experimental year.

25- 1500 25- 100+
a
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Figure 1. Boxplots of species richness and density of weeds (a) and crops (b) during the cropping seasons across all sites.
The same letter means the difference is not significant (Tukey’s test). Sample size: first cropping season n = 96, second
cropping season n = 64, third cropping season n = 32.
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Table 5. Shannon’s H, Shannon’s E and inverse BPH dominance index and the standard error values
(SE) of weeds and crops in the perennial mixture over the experimental years. Significantly different
results (p < 0.05, Tukey test) are marked with different letters.

First Crop. Seas. Second Crop. Seas. Third Crop. Seas.

Weeds
Shannon’s H 1.27 £ 0.281 a 1.455 £+ 0.065b 1.77 £ 0.092 ¢
Shannon’s E 0.53 4+ 0.087 a 0.59 4+ 0.026 a 0.80 4+ 0.038 b
BPH index 210+ 0.434 a 250 +0.136 b 3.00 +0.194 ¢
Sample size N =96 N =56 N=24
Crops
Shannon’s H 1.50 £0.199 a 1.55 £0.047 a 1.42 +0.086 a
Shannon’s E 0.78 +0.035 a 0.79 + 0.018 a 0.77 +0.030 a
BPH index 274 £0.348 a 277 £0.113 a 248 +£0.185a
Sample size N =76 N =57 N=19

N = sample size, crop. seas. = cropping season.

3.4. Three-Year Weed Densities in the Two Set-Ups

The weed density development at each experimental site in the two set-ups is shown
in Figure 2. The intensity of the colour decreases for all sites in two directions: from left
to right (same plots/different years) and from bottom to top (different plots/same year). In the
same plots/different years set-up, weed densities decreased over the three cropping seasons.
The weed densities in the first cropping season were highest at all sites. In the second
cropping season, the weed density decreased and was lowest in the third cropping season.
In the different plots/same year set-up, weed densities were highest in the first cropping
season at three sites (R, M, D), lower in the second cropping season and lower again in
the third cropping season. As an exception, weed densities were lowest in the first season
at site Z. Both set-ups indicated that weed density decreased as the age of the perennial
mixture increased.

R
¥ :
Second - § ?
§ § Weed density (1/m?
2 2
First Second & &
= < 0
oy S
First § § <25
S S
> R . A
Same plots/different years Same plots/different years
D

Different plots/same year

Second

Same plots/different years

Second

Different plots/same year

Same plots/different years

Figure 2. Weed density at the four experimental sites in two set-ups. Plots based on the chronological progression of
the experiments are given in Table 2. The weed density classes are divided into intervals of 0 to <100, 101 to <200 and
greater than 200, with the interval from 0 to <100 subdivided into 25 steps. The intensity of the colour increases with weed
density class.
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4. Discussion

This study investigated the performance of a commercially available perennial wild-
flower mixture for its interaction with spontaneously occurring weeds during three seasons
of cropping at two seed rates. Compared with the traditional practice of cultivating a single
crop, a perennial flower mixture in principle increases biodiversity by adding multiple crop
species into the system. Of the 23 species in the mixture, an average of only five emerged
in the experimental period, raising questions about the suitability of the given mixture on
sandy soils in northeast Germany:.

The perennial mixture did not establish the expected crop densities either. At sites
R and M, the species richness and plant densities of the crops were higher than at sites
D and Z. One reason for the low crop densities could be the loss of seeds before emer-
gence. Manual sowing placed the seeds on the soil surface. Seed-predating arthropods
such as carabids, mammals such as rodents and birds may have predated some seeds
from the surface. Moreover, if the crop seeds did not germinate and anchor with the
radicle immediately due to dry weather conditions, strong winds may have blown some
of these seeds away from the topsoil. Dry conditions after sowing are detrimental to
proliferation; therefore, sowing should be avoided in periods of drought, either forecasted
or based on experience. In experiments on the same land as D and Z in the present study,
Redwitz et al. [5] introduced a complex method for establishing perennial crop mixtures
by sowing the wildflower mixture in autumn with a frost-sensitive cover crop. Initiating
species-rich permanent vegetation cover by sowing species mixtures on sandy soil is also
problematic in the restoration of dry grasslands. According to Pliickers et al. [33], abiotic
microsite factors limit the number of species successfully establishing from a seed mixture.

In the first cropping season of the perennial mixture, different crop species germinated
and performed better than the majority, specifically the sown perennial crop species A.
vulgaris, C. nigra and T. vulgare. From the second cropping season onwards, these were the
most dominant crop species across all sites and years. While conducting the plant surveys,
it was apparent that these crop species produced a large biomass and covered most of the
soil. Schmidt [34] and Von Cossel [25] report similar observations on competition between
species in perennial mixtures. The crop species were competing and hampering each other’s
establishment and growth. The competition limited the emergence and early growth not
only of weeds but of the crops as well. The interspecific competition in the perennial
mixture decreased the number of crop species. Shannon’s H illustrated that the perennial
mixture was less diverse in the third cropping season. Some studies recommend reducing
the number of species in the mixture to the benefit of the best performing ones [7,25,35]. The
authors report that cropping these mixtures with a smaller number of wildflower species
contributes to the ecological and economic goals being met just as effectively as the original
mixture of 23 species. Meanwhile, the performance of T. vulgare has encouraged breeding
companies to breed this species in order to optimise the biomass yield for fermentation in
biogas plants.

The plots sown at the recommended seed rate had higher crop densities, but the factor
seed rate did not affect the number of the weed species or weed density. Thus, even a lower
seed rate or a poorly developed perennial wildflower crop did not lead to higher weed
infestations in these experiments.

Clear differences in weed species richness were found between the two regions.
In Mecklenburg (R and M), more than twice the number of weed species were recorded than
was the case in Brandenburg (D and Z). However, neither weed species richness nor weed
density increased over the cropping seasons in either region. The majority of the recorded
weeds emerged from the seed bank, which provided a stable weed species richness.

The number of seeds in a field’s soil seed bank determine both weed species richness
and weed densities. The most common weed species in this study was C. album, an annual
weed that grows very fast and tall, producing a large number of seeds that accumulate in
the soil seed bank and is the most widely distributed annual weed in maize fields [36-38].
During the complete first cropping season, seedlings of this species developed with a high
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weed density. In the following year, C. album was established in much lower densities.
The absence of soil tillage and a single cut per year in all treatments in these experiments
were to the detriment of annual weeds. The seeds are not incorporated into the soil and
seed predation can effectively reduce the number of weed seeds entering the soil seed
bank [39,40]. The surface, which was open in the first cropping season, was now covered
by perennial crops and vegetative re-growing weeds. Soil covered with vegetation hinders
the emergence of new seedlings and reduces weeds potentially growing in subsequent
cropping seasons [41]. In Mecklenburg-Western Pomerania (R and M), in addition to
Elymus repens the grass species A. odorantum, A. spica-venti and P. annua were observed
crowding between the crops of the perennial mixture. These small grass species were able
to slide and grow in gaps or even between the perennial mixtures. Froud-Williams [42]
found the same capability of these species in experiments. This may be why perennials
and grass species were recorded in higher densities in the third cropping season.

However, despite the occurrence of creeping perennial weeds at the sandy soil sites in
all years, the observed densities did not present a threat to subsequent uses after three years
of cropping. Brandseeter et al. [43] found that after the perennial cropping period, small to
medium infestations of creeping perennials can be managed with stubble cultivation and
ploughing in spring without additional chemical control.

A multi-species mixture of plants cropped for perennial use will never establish
unique crop stands like traditional crops, e.g., maize or wheat. Instead, a certain spatial
and temporal divergence in species and their densities is to be expected. Despite their
contribution to biodiversity in arable fields, weed populations should not gain predomi-
nance in any crop stand. In this respect, it is promising that the weed densities in the three
cropping seasons assessed in the same plots/different years and different plots/same year set-ups
largely followed the same trend. The same trend of a decrease in weed density with the
duration of cropping was seen at the two sites R and M, which had more weeds overall.
At the two Brandenburg sites of D and Z, which had far fewer weed species, the densities
fell from the first to the third year, although not continuously in both set-ups. The findings
from all four experimental sites demonstrated overall that there was no increase in weed
density. Moreover, they indicated no additional risk of weeds arising from the immanent
local variation in the diverse crop stands of a multiple-species mixture.

The hypotheses of this study were therefore confirmed. Cropping of the perennial crop
mixture did not lead to the problematic development of weeds over the three experimental
years, and it could help improve the biodiversity of agricultural landscapes and thus
compensate for the negative effects of maize cropping. The combination of sandy soils
and low precipitation in northeast Germany was challenging for the perennial wildflower
mixture, which demonstrated its robustness.

These results highlight the usefulness of developing a perennial mixture suitable for
sandy soils. A mixture of 23 species provides buffers for various environmental conditions,
ensuring robustness for cropping on different sites. There should be no expectation of all
species emerging on all sites, but some of the 23 species will be able to cope with local
environmental conditions. This reinforces having a mixture of several species that are
suitable for different conditions. This is not undermined by the complete absence of plants
at site D in the third cropping season; as no weeds grew there either, the site was evidently
too dry for any plant growth that season. However, improved adaptation of the perennial
crop species mixture to the poor conditions of sandy soils and a dry climate would optimise
their establishment and biomass production. This wildflower mixture adapted to local
conditions could have a greater impact on biodiversity and weed suppression; therefore,
preference should be given to fewer, better-performing crop species than a large number
of species in the mixture. However, there are two consequences that favour multi-species
mixtures: with respect to the small market for perennial flower crops, different mixtures
adapted to specific conditions would represent a financial challenge to seed providers
and economic pressure would result in a few top-performing species being selected, thus
reducing the contribution made to biodiversity.
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Appendix A

Table A1. Weed species recorded at each site during the cropping seasons. Weed species that grew
on the site that cropping season are labelled with Rostock (R), Malchow (M), Dedelow (D) and
Miincheberg (Z).

First Second Third

Weed Species Cropping Season  Cropping Season  Cropping Season

Achillea millefolium L. zZ R Z Z
Agrostis stolonifera L. M M M
Amaranthus retroflexus L. D, Z 4
Anaguallis arvensis L. M R
Anchusa arvensis M. Bieb. M,R,D
Anthemis arvensis L. R
Anthoxanthum odoratum R R, Z R, Z
Apera spica-venti Beauv. R R,D,Z V4
Aphanes arvensis L. M, R R, D
Arabidopsis thaliana Heynh. M, R M, R M, R
Arenaria serpyllifolia L. M M, Z M, Z
Borago officinalis L. R
Brassica napus L. R,D M
Brassica nigra W. D. ]. Koch D
Bromus hordeaceus L. D
Capsella bursa-pastoris Medik. R,D,Z R, Z
Centaurea cyanus L. R M,R, Z
Cerastium arvense L. R, M M, R M, R
Cereale ssp. M, R R M
Chenopodium album L. M,R,D,Z M,R,D,Z R
Cirsium arvense Scop. M,R,D,Z M, R M, R
Crepis biennis L. R R Z
Crepis tectorum L. z z V4

Echinochloa crus-galli P. Beauv. D, Z D,z
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Table A1. Cont.
Weed Species .First S.econd Third
Cropping Season  Cropping Season  Cropping Season
Elymus repens Gould R,D,Z R,D,Z R, Z
Epilobium parviflorum Schreb. R M M
Erigeron canadensis L. M, D M,D,Z M, Z
Erophila verna Besser R
Euphorbia helioscopia L. M
Fallopia convolvulus A. Love M,R,D,Z M,R,D,Z Z
Festuca rubra L. M, R
Fumaria officinalis L. M M
Galinsoga ssp. M, R M
Galium aparine L. M M
Geranium pusillum L. R,D D, Z
Glechoma hederacea L. M
Gnaphalium uliginosum L. M,R,D
Hieracium ssp. R R, Z
Holcus lanatus L. M M, R M, R
Hypericum perforatum L. M, R M
Hypochaeris glabra L. D,z
Hypochaeris radicata L. R R,Z R, Z
Lactuca serriola L. M M, R M, Z
Lamium amplexicaule L. M,R,D M
Lamium purpureum L. M, R M, R M
Leontodon autumnalis L. Z
Lolium perenne L. R
Lotus corniculatus L. R
Lupinus ssp. M M
Matricaria chamomilla L. R R,D R
Matricaria discoidea DC. D D
Matricaria inodora L. D, Z D,z Z
Medicago lupulina L. M, R M,R,Z R
Myosotis sylvatica Ehrh. ex R M
Hoffm.
Oenothera biennis L. R,D Z Z
Papaver rhoeas L. M, R M,R,Z Z
Persicaria maculosa Gray M, R, D
Plantago lanceolata L. M, R M, R M, R
Plantago major L. M,R,D M,R,D
Plantago media L. D
Poa annua L. M, R, D M,R,D M, R
Poa trivialis L. R, M M,R,Z M, R
Polygonum aviculare L. M,R,D,Z M,D,Z
Polygonum lapathifolium L. M, R M,
Ranunculus repens L. M
Rorippa sylvestris Besser M
Rumex acetosa L. M,R,Z R, Z R, Z
Rumex acetosella L. Z Z
Rumex crispus L. M MR, Z M, R
Rumex obtusifolius L. M, R M,
Secale cereale L. R
Senecio vulgaris L. M M
Setaria viridis P. Beauv. Z V4
Sinapis arvensis L. M
Sisymbrium officinale Scop. M
Solanum nigrum L. M
Solidago canadensis L. V4 z
Sonchus arvensis L. M, R R
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Table A1. Cont.

Weed Species First Second Third
Cropping Season  Cropping Season  Cropping Season
Spergula arvensis L. M, R, D M,D,Z
Stellaria media Vill. M,R,D, Z M,R,Z M, R
Taraxacum officinale F. H. Wigg. M,R,D,Z M,R,D,Z M,R,D
Thlaspi arvense L. M,D,Z M
Tordylium officinale Reichb. D
Trifolium ssp. M,R,D,Z M,R,D, Z M,R,D, Z
Urtica dioica L. M M M
Veronica arvensis L. M,R,D M M
Veronica hederifolia L. M, R M, R R
Veronica persica Poir. M, R M, R R
Vicia ssp. M,R,D, Z M,R,D, Z M,R,Z
Viola arvensis Murray M,R,D,Z M,R,D,Z R
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