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Ensiling, a lactic acid fermentation process, is mainly used to preserve biomass. In
addition, it has been shown to affect seed viability of some plant species. The extent to
which this makes ensiling suitable as a weed control measure, however, has not yet been
determined. Both the range of controllable species and the parameters of an ensiling
process that safely kills seeds are still undefined. We aimed to determine the effect of
varying substrate and ensiling conditions on the seed viability of 10 species selected
to represent a wide range of different seed traits. Five different types of silages were
made from maize or mixtures of wildflower and maize biomass and ensiled in lab-scale
silos for 8 months. The pure maize silages were prepared under conditions either ideal or
suboptimal for ensiling forage. Seeds of important weeds (Chenopodium album, Abutilon
theophrasti) and of species from a wildflower mixture suitable for ensiling and biogas
production (Cichorium intybus, Daucus carota, Echium vulgare, Malva alcea, Malva
sylvestris, Melilotus albus, Melilotus officinalis) were tested. Seed viability was determined
using a combination of tetrazolium and germination tests. Ensiling reduced seed viability
across all 10 species significantly. Seed-killing efficacies of ensiling, however, differed
widely among the species studied, largely related to whether the species could produce
hard (physically dormant) seeds. Seeds from species without hardseededness were
completely inactivated by ensiling, while the seed-killing efficacies for hardseeded species
ranged from 5 to 60%. Variation in ensiled substrate and ensiling conditions had no
consistent effect on seed survival. We concluded that ensiling has the potential to
sustainably reduce seed viability of a wide range of species and therefore should be
adopted as a component of integrated weed management in organic agriculture.

Keywords: silage substrate, ensiling condition, integrated weed management, seed survival, hard seeds

INTRODUCTION

In order to meet the growing demand for food in a sustainable way (EI Bilali et al., 2019), it
is essential that environmentally friendly approaches such as organic farming also achieve high
and secure yields (Reganold and Wachter, 2016). Weeds have the potential to jeopardize these
goals especially in organic cropping systems that have to manage without chemical herbicides
(Stonehouse et al., 1996; Hatcher and Froud-Williams, 2017). Today, there is a broad consensus
among agronomists worldwide that integrated weed management is needed to control weeds
efficiently (Merfield, 2019; MacLaren et al., 2020). Tillage, crop rotation, intercropping, and increase
of crop competitiveness are repeatedly referred to as tools of integrated weed management in
organic farming (Barberi, 2002). Ensiling, i.e., the process of conserving biomass by promoting
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lactic acid fermentation, however, seems to be hardly perceived
as a weed control measure in the current discussion. This
is surprising, since ensiling was recognized very early as a
measure for weed seed reduction, along with other agricultural
fermentation processes such as bovine digestion and farmyard
manure rotting (Atkeson et al., 1934; Shevkenek, 1934; Tildesley,
1937; Zahnley and Fitch, 1941). In addition, organic mixed
farms in particular offer good conditions for the integration of
such fermentation cascades, as they aim to close biomass and
nutrient cycles (Barker, 2021). Furthermore, the contribution
of agricultural fermentation processes to reducing the spread
of weed seeds is also relevant in light of decades of
herbicide use. Consequently, the weed-reducing potential of
fermentation processes is receiving attention from various
scientific communities such as forage scientists and seed
biologists still (Takabayashi et al., 1975; Pleasant and Schlather,
1994; Michael et al, 2006). Particularly with regard to the
germinability of weed seeds, there has been a recent resurgence
of interest in the effects of ensiling (Mayer et al., 2000; Overud,
2002; Westerman et al., 2012).

With regard to weed seed load, nowadays, especially in
extensively managed systems, a larger amount of seeds than
in the past enters the biomass streams and thus the silos. In
intensive forage production, early cutting dates hardly allow
for any significant weed seed formation. One of the reasons
for the higher seed load in extensive agriculture is the high
proportion of leys in the forage areas designated for ensiling
in organic farming systems (Doring et al., 2017). Especially
during dry periods during the ley establishing phase, many
seed-forming weeds emerge (Brainard et al., 2011) and lead to
notable weed contamination of the forage. Another cause of
the increasing weed seed load is the growing number of agri-
environmental measures such as field-margin protection schemes
and the integration of flowering mixtures into farming systems
(Marshall, 2005) that are being adopted by organic farms (Hald
and Nielsen, 2007). Furthermore, the new trend toward the carry-
over of green manures as a substitute for farmyard manuring on
organic farms with low livestock density (Notaris et al., 2018;
Toleikiene et al., 2020) contributes to a renewed interest in the
effects of ensiling and other anaerobic digestion processes on
weed seed viability.

Ensiling technology is optimized to ensure that the energy
content of fresh organic substrates is retained to the greatest
extent possible (Miiller and Bauer, 2006). This is mainly achieved
by lowering the pH value through lactic acid fermentation.
However, depending on the ensiled substrate and the ensiling
conditions, other fermentation products are produced as well
(Pahlow, 2007). It is currently completely unknown what
influence the divergent, different fermentation profiles of
different silage types have on seed viability. This is also due to
the fact that there is no systematic research on seed survival in
silages, yet. Many of the studies on ensiling seeds have dealt with
only one weed species (Overud, 2002; van Eekeren et al., 2006;
James et al., 2011; Trolove and Dowsett, 2015; Weller et al., 2016)
or with only one type of silage (Mayer et al., 2000; Koarai et al.,
2015; Piltz etal., 2017). In addition, both silage types and methods
used to determine seed viability often differed. Therefore, the

statement made in several studies that ensiling has the potential
to reduce seed viability must always be related to the respective
plant species and ensiling environment (e.g., Aper et al., 2014;
Simard and Lambert-Beaudet, 2016; Piltz et al., 2017). Similarly,
the interaction of species and ensiling environment in relation to
seed viability parameters is poorly understood.

In this study, we aimed to determine the effect of varying
substrate and ensiling conditions on seed viability. As model
species we chose known weeds and species from a wild plant
flowering mixture. Wildflower mixtures have gained agronomic
importance in the context of enhancing the ecological value of
agricultural landscapes through flowering strips (Fritch et al.,
2011). In addition, their biomass is intended to be used as a
source of renewable bioenergy (Cossel and von Lewandowski,
2016; Lask et al, 2020). Since they have gained importance
only recently, information on the survivability of their seeds in
ensiling is lacking. “Using this model species, we hypothesized
that ensiling had the potential to reduce plant seed viability to an
extent relevant to integrated weed management. Furthermore, we
tested the hypotheses that differences in seed survival rates after
ensiling could be attributed to seed species and/or certain seed
characteristics. Finally, we tested the hypothesis that different
types of silage affected seed viability in specific ways.”

MATERIALS AND METHODS

Plant Species

Species Selection

The potential of ensiling to reduce plant seed viability was tested
on 10 different dicotyledonous plant species. We did not study
monocotyledonous species because other studies have already
demonstrated that, with few exceptions, they quickly lose their
viability during ensiling (e.g., Blackshaw and Rode, 1991; Liick,
2012; Koarai et al., 2015; Piltz et al., 2017). Our selection should
include species that are important weeds, and species that have a
high probability of entering silages and represent a wide range of
different seed traits. In addition, half of the species should exhibit
the so-called hardseededness (HS) in their seeds, i.e., physical
dormancy (Baskin et al., 2000), as seeds from such species are
considered particularly resistant to degradation in fermentation
processes (Westerman and Gerowitt, 2013).

The important weeds examined in this study were
Chenopodium ~ album L.  (common  lambsquarters,
Amaranthaceae) and Abutilon theophrasti Medik. (velvetleaf,
Malvaceae), with seeds of A. theophrasti exhibiting HS (LaCroix
and Staniforth, 1964). Both weeds are problematic in several
regions of the world (e.g., Follak et al., 2014; Bajwa et al., 2019)
and spread via abundant seeds that are relatively resistant to
degradation in soil and fermentation processes (Toole and
Brown, 1946; Bassett and Crompton, 1978; Warwick and Black,
1988; Westerman et al., 2012). In addition, C. album has been
shown to have the potential to contaminate maize biomass and
thus maize silage with large numbers of its seeds (Westerman
and Gerowitt, 2012). The other eight species studied are highly
likely to enter silages as well, because they are included in a
wildflower mixture that was developed for bioenergy use and
is also suitable for ensiling (Cossel and von Lewandowski,
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2016; Vollrath et al., 2016; Lask et al., 2020; Miiller and Hahn,
2020). This means that seeds that survive ensiling can be spread
with the silage and potentially become weeds. An additional
motivation to study species from this wildflower mixture was
that they are already slightly influenced by breeding, which
improves their germination ability, which in turn lowered the
variance in our experiments. Four HS species were selected from
the mixture, namely Malva alcea L. (rose mallow, Malvaceae),
Malva sylvestris L. (common mallow, Malvaceae), Melilotus
albus Medik. (white sweet clover, Fabaceae), and Melilotus
officinalis (L.) Pall. (yellow sweet clover, Fabaceae). Regarding
the non-hardseeded species, we ensured that they were from
different plant families and represented as much variation in
seed morphology as possible. We selected Cichorium intybus
L. (blue dandelion, Asteraceae), Daucus carota L. (wild carrot,
Apiaceae), Echium vulgare L. (viper's bugloss, Boraginaceae), and
Verbascum thapsus L. (common mullein, Scrophulariaceae). Of
the selected wildflower species, only M. officinalis had previously
been studied in ensiling (Woodward, 1940).

Seed Acquisition and Storage

The seeds of most species were obtained from “Appels Wilde
Samen” [Darmstadt, Germany (appelswilde.de)], where they
were harvested in 2014. The seeds of C. album and M. sylvestris
were also collected in 2014, but from plants grown on test areas of
the University of Rostock. The seeds of A. theophrasti had already
been harvested in 2008 from a sunflower (Helianthus annuus L.)
field in Vilanova de Bellpuig, Lleida, Spain. Since then they had
been stored in the dark at 7°C. After harvest and between the
ensiling treatments, seeds of all species were stored in paper bags
at room temperature.

Ensiling Treatment

Silage Preparation

Five types of silage were prepared, which differed in their
substrate composition and/or the ensiling conditions. Substrates
used were silage maize as a whole crop substrate and biomass
from a wildflower mixture designed for use in bioenergy
(Vollrath et al., 2016). Substrates were harvested and ensiled in
two experimental series, which corresponded to two consecutive
growing seasons. The silage maize was grown on the same site
(Rostock, Germany, 54°04'04.1"N 12°04'55.7"E) in the same
variety (“Ronaldinho,” breeder KWS®)) in both trial years (2014
and 2015). In both years, maize was harvested at early silage
ripening stage, but different weather conditions had led to
varying maturation. According to the BBCH scale (Weber and
Bleiholder, 1990), the developmental physiology of the maize
corresponded to BBCH 82 in the first and BBCH 87 in the
second trial year. The dry matter (DM) content was 28.1% in the
first and 23.9% in the second year, respectively. The wildflower
biomass was used for ensiling only in the second trial year,
but there were two variants of it: wildflower biomass from the
first year of standing and from the second year of standing,
which differed due to changes in species dominance patterns.
In the second standing year, the biomass was less fibrous but
had a higher content of senescent material. At harvest, DM
content of the wildflower biomass varied from 40.1% in the

first to 42.8% in the second standing year. Further information
on the species composition and the biochemical parameters of
the initial substrates before ensiling is available from Miiller
and Hahn (2020), as the same biomass stock was used in
this study.

For ensiling the maize was chopped to a length of 0.5-
1.5cm with a forage harvester, while the wild flower biomass
was chopped to 2-4cm with a commercial garden shredder.
Ensiling was conducted immediately after the chopping and, if
required, mixing of the substrates. We used 31 glass jars as lab-
scale silos. The jars were washed and sterilized (180°C) before
the substrates were filled in layers and compressed by hand. We
filled the jars to the brim so that there was no cavity under
the lid. Afterwards the filled jars were closed with a rubber-
lined lid that was fixed by clips. This simple but standardized
method prevented air infiltration but allowed the escape of gases
formed during fermentation processes. Four silage types were
prepared using this optimized method: “maize 82, ideal” from
100% maize harvested at BBCH 82, “maize 87, ideal” from
100% maize harvested at BBCH 87, as well as mixtures from
67% (fresh weight) maize biomass harvested at BBCH 87 and
33% (fresh weight) wildflower biomass harvested in the first
(“wildflower blend 1”) or second standing year (“wildflower
blend 27). In the first trial year, an aliquot of maize harvested at
BBCH 82 was deliberately exposed to stressful ensiling conditions
in order to provoke suboptimal but possibly more practical
fermentation acid patterns. This silage type is hereafter referred
to as “maize 82, stress.” To prepare this silage of lower quality,
the substrate was stuffed less tightly, and inoculated with a soil-
suspension containing Clostridia of a misfermented field silage
pile. Additionally, aerobic stress was induced by lifting the lid
for 24 h at the beginning, after 28 and after 42 days. This stress
treatment and ensiling under ideal, optimized conditions form
the two levels of the factor “ensiling condition,” namely “stress”
and “ideal.”

All silage types were ensiled in at least three replicates and
stored in the dark at 16°C. Substrates should be ensiled for at
least 3 months to ensure that all fermentation processes have been
completed and the growth of detrimental microbial populations
such as yeasts has been limited (Miiller and Bauer, 2006; Wyss
and Pradervand, 2017).

Silage Characteristics

After ensiling and removal of the ensiled seeds (see section
Ensiling of seeds), silages were sealed airtight in plastic bags and
stored at —40°C before analyzing their biochemical composition,
including fermentation profiles. The silage characteristics were
determined as described in Miiller and Hahn (2020). The
biochemical composition of the silage types was visualized with
non-metric Multi-Dimensional Scaling (n-MDS) based on Bray-
Curtis distances using R package “vegan” (Oksanen et al., 2002).
A PerManova [“adonis” function in R by Anderson (2001)] using
the Bray-Curtis dissimilarity index (Bray and Curtis, 1957) and
including a permutation test with 1,000 permutations was applied
to test to what extent the type of silage explained the variance in
the biochemical composition of the silages.
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Ensiling of Seeds

The survival of seeds of all 10 species was tested in the silages
“maize 82, ideal” and “maize 82, stress.” Seeds of the HS
species M. alcea, M. albus, and M. officinalis were additionally
tested in the silage types “maize 87, ideal,” “wildflower blend
17 and “wildflower blend 2”. Both experimental series were
accompanied by untreated controls, referred to as “untreated A”
and “untreated B.” For ensiling, 100-300 seeds of one species
were placed into fine-meshed polyester bags. One bag for each
species was stuffed into the middle part of a silage jar together
with the substrate. The number of replicates and the total number
of seeds examined varied among silage types and plant species.
See Supplementary Table 1 for a detailed record.

The specific ensiling duration depended on the analytical
capacities and averaged 8 months, ranging from 4 to 9 months.
Seeds were retrieved after 239 days from “maize 82, ideal” and
after 281 days in “maize 82, stress.” From “maize 87, ideal,
“wildflower blend 1,” and “wildflower blend 2” one replicate was
opened after 128 days, and the seeds from the other replicates
were retrieved after 237 days.

Seed Viability Tests

After the bags containing the seeds were removed from the silage,
they were rinsed with tap water. The seeds were then surface
sterilized with 1% NaOCI, rinsed three times with sterilized
water and placed on plates with “diaspore agar” (agar agar 13.0 g
171, KNO; 2.0g 17!, gibberellic acid 0.5g 17!, ampicillin 0.1g
171, streptomycin 0.1g 17!, benzimidazol 0.02g 17!). In the
following 21 days, the seeds were incubated at 20/4°C day/night
temperatures with a 16h photoperiod and germination was
checked after 3, 7, 11, 16, and 21 days. A seed was considered
germinated if the radical protruded at least 2mm from the
seed. The viability of all remaining non-germinated seeds was
tested using 2,3,5-triphenyl tetrazolium chloride (TTC). For this
purpose, the seed coats were carefully punctured with a needle
or scalpel without inflicting injuries to the embryo and the
punctured seeds were placed between two filter papers, soaked
with 3 ml of 1.0% TTC solution and incubated in the dark at 35°C
for 20-22 h.

The same procedure was used to determine the viability
of untreated control seeds that had not been exposed to
ensiling (minimum of 3 replicates of 300 seeds per species,
Supplementary Table 1). However, the previously dry-stored
control seeds were exposed to a water-saturated atmosphere for 2
days in the dark before the viability test.

Based on their response in the viability test, the seeds were
classified as either dead or potentially viable. All seeds whose
embryo was unstained (white) or rotten were considered “dead.”
Seeds that were completely decomposed during ensiling were
assigned to the “dead” category as well. All seeds that showed
metabolic activity in the form of germination or staining in the
tetrazolium test were considered potentially viable.

Statistical Analysis of Viability Data

Statistical analysis was performed only for species that had not
completely lost their viability due to ensiling. Various generalized
linear mixed effect binomial models with a logit link function

were used to estimate the proportion of dead seeds among
all seeds. Ensiling (yes or no), different ensiling treatments,
plant species, and duration of ensiling were considered fixed
effects. The glass jar was used as random effect in each model.
Additional random variables were introduced to reflect the
variance structure. In all models, the respective number of
seeds under study was used as a weight in the fitting process.
Table 1 provides an overview of the research questions and the
specified models.

Starting from the respective null model, the deviance of
the fixed effects was analyzed by sequentially adding main and
interaction effects. Likelihood-ratio tests were used for pairwise
comparisons of the increasingly complex models. Pairwise
comparisons of the fixed effect levels were performed based on
log odds ratios using Tukey’s method for P-value adjustment.

If ensiling was used as a component of integrated weed
management, it would affect the seed stage in the cycle of
population dynamics. Against this background, the seed-killing
efficacy of ensiling was calculated as follows:

seed — killing efficacy (%)
100 x (1 1 — proportion of dead seeds,, i, ) 1)

1 — proportion of dead seeds

All analyses were carried out using R software (R Core Team,
2020). The models were fitted using the R package “lme4” (Bates
et al, 2015). The R package “emmeans” provided functions
to estimate marginal means and odd ratios, and to test for
significance (Lenth, 2021). All models were checked for the
appropriateness of the chosen binomial distribution, for over-
and under-dispersion, and for outliers with the respective test
routines of the R package “DHARMa” (Hartig, 2020).

unensiled

RESULTS

Ensiling generally increased the proportion of non-viable, i.e.,
dead, seeds (Figure 1). However, a substantial difference existed
between hardseeded (HS) and non-hardseeded (NHS) plant
species. Regarding the NHS species, ensiling was 100% effective.
That means that all seeds of the NHS species were dead after
ensiling, while on average 75% of them were viable without
ensiling. Of the HS species, an average of 36% was dead after
ensiling. Since 11% had already been dead before the treatment,
ensiling resulted in a highly significant seed-killing efficacy
of 28% across all five HS species tested [P(Chi®) < 0.0001,
Supplementary Table 2]. Among the individual HS species, the
seed-killing efficacy ranged from 5 to 60%. In M. sylvestris,
M. albus, and M. officinalis ensiling significantly increased the
proportion of non-viable seeds compared to untreated controls
(Table 2; Figure 1).

Across all HS species, all silage types had a highly significant
seed-killing effect compared to the un-ensiled control (Figure 2,
bottom). Also referring all HS species, ensiling “maize 82” under
ideal conditions multiplied the proportion of dead seeds by
a factor of 4.3 on average compared to un-ensiled controls,
while suboptimal (stress) ensiling conditions increased the
proportion of dead seeds by a factor of 4.1 (Table 3; Figure 2,
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TABLE 1 | Overview of research questions on seed persistence under different ensiling conditions and the related structure of generalized linear mixed models. The
dependent variable was either the proportion of dead seeds to examined seeds (prop. dead) or the proportion of germinated seeds to viable seeds (prop. germ).

Research question? A B C D E F
Dependent variable prop. dead prop. dead prop. dead prop. dead prop. dead prop. germ
Fixed effects

Ensiled (yes/no) X X X
Silage type (25 levels)® X X

Species (5 levels) X X X X
Duration (2 levels) X

Ensiled x species X X
Treatment x species X X

Random effects

Glass jar X X X X X X
Species

Species x year X

species x silage type X

species x year x silage type X X
species x glass jar X X

Subset of data°® all all first year second year second year (ensiled, only) all

@ Research questions: (A) Was the proportion of dead seeds affected by ensiling? /// (B) Was the proportion of dead seeds of a species affected by ensiling? /// (C) Was the proportion
of dead seeds of a species affected by the ensiling conditions? /// (D) Was the proportion of dead seeds of a species affected by the composition of the ensiled substrate? /// (E) Was
the proportion of dead seeds affected by the duration of ensiling? /// (F) Was the ratio of germinated to viable seeds of a species affected by ensiling?

b [ evels of silage type depend on experimental year.

¢ All, all data; First year, data from first experimental year; Second year, data from second experimental year.
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FIGURE 1 | Ensiling increased the proportion of non-viable weed seeds from both NHS and HS species compared to untreated controls. Numbers in parentheses
indicate replicates/total numbers of seeds studied.
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TABLE 2 | Effect of ensiling on the proportion of dead seeds and seed killing efficacy of ensiling in five HS species.

Species Untreated vs. ensiled (odds ratio) Standard error P (z-ratio) seed killing efficacy (%)
Abutilon theophrasti 0.49 0.26 0.183 5
Malva alcea 0.56 0.25 0.188 23
Malva sylvestris 0.08 0.03 <0.0001 60
Melilotus albus 0.27 0.09 0.0002 23
Melilotus officinalis 0.21 0.08 0.0001 15

ensiling conditions ensiled substrate
Abutilon  ynyeated A (5498)| @
theophrasti maize 82, ideal  (3/302 —-—
maize 82, stress  (3/300 L
Malva untreated A (3/297 ——
alcea maize 82, ideal  (3/300 —— maize 87, ideal  (2/500 —_—
maize 82, stress  (3/300 —— wildfl. blend 1 (2/601 e
wildfl. blend 2 (1/300 —y—
Malva untreated A (5/499 - untreated B (3/298)| < —@—
sylvestris ~ maize 82, ideal  (3/301 —0—
maize 82, stress  (3/300 ——
Melilotus untreated A (6/583 o untreated B (6/590 —o—
albus maize 82, ideal  (3/300 —— maize 87, ideal (5/1300 ——
maize 82, stress  (3/300 —— wildfl. blend 1 (5/1500 ——
wildfl. blend 2 (5/1407 ——
Melilotus untreated A (6/598)| @~ untreated B (3/297) | @
officinalis maize 82, ideal  (3/309 - maize 87, ideal (5/1501 -
maize 82, stress 3/300 - wildfl. blend 1 (5/1506
wildfl. blend 2 (5/1500 -
Hardseeded untreated A (25/2475)| ~—@— untreated B (12/1185)| —@—
maize 82, ideal (15/1512 —_—lr maize 87, ideal (12/3301 —_—
maize 82, stress (15/1500 —_—r wildfl. blend 1 (12/3607 —_—
wildfl. blend 2 (11/3207 e
I I I I I I I I I I
00 02 04 06 038 00 02 04 06 038
proportion of dead seeds proportion of dead seeds
FIGURE 2 | Effect of ensiling conditions and ensiled substrate on the proportion of non-viable seeds of HS weed species. Numbers in parentheses indicate
replicates/total numbers of seeds studied.

left bottom). This corresponded to seed-killing efficacies of 29
and 27%, respectively. Ensiling seeds of HS species in three
different substrates (“maize 87, “wildflower blend 1,” “wildflower
blend 2”) under identical, ideal conditions caused a 4.9-5.6-
fold increase of the proportion of dead seeds compared to
un-ensiled controls, corresponding to a seed-killing efficacy
of 23-26% (Figure 2, right). The seed-killing efficacy did not
differ significantly between silages with different substrate
compositions (Figure 2, right bottom; Tables 3, 5). However,
it should be mentioned here that across all HS species “maize
82, ideal” killed 1.5-times as many seeds as “maize 87, ideal”
(Table 3). In addition, the response of the individual HS species
did differ between the silage types (Figure 2, top) and even
significantly with respect to the ensiling conditions (Table 4). For
A. theophrasti and M. alcea the seed-killing efficacy of “maize
82, ideal” was significantly higher than that of “maize 82, stress,”

while it was the opposite for M. sylvestris and M. albus. In M.
officinalis, the percentage of dead seeds was the same for both
ensiling conditions (Figure 2, left).

Ensiling durations differed among silage samples due to the
capacities available for seed viability analyses. According to the
statistical evaluation, the duration of ensiling had a significant
effect on successfully killing the seeds. If the duration of ensiling
was shortened from almost 8 to 4 months, the proportion of
dead seeds decreased by a factor of 0.8 [P(z-ratio) = 0.0478,
Supplementary Table 3]. Furthermore, significant year-to-year
differences were observed in the proportion of dead seeds in
the untreated control samples, being 1.7 higher in the first
experimental year (Table 3).

The germination experiments revealed that the proportion
of germinated to viable seeds was lower after ensiling, by a
factor of 3 to a factor of 26 [P(z-ratio) < 0.002, Figure 3;
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Supplementary Table 4]. Only A. theophrasti was an exception to
this, with the same proportion of germinating seeds regardless of
ensiling. It is worth mentioning that in two of the three samples of
“maize 82, ideal,” most of the germinable seeds of M. albus (about
70%) had already started to germinate in the silage itself. This
means that they were already recognizable as seedlings when the
silage jars were opened.

In terms of their biochemical characteristics, the five silage
types produced differed significantly [P(F-value) = 0.0010,
Table 6; Figure 4; Supplementary Table 5]. The factor “silage
type” explained 95.6% of the variance in the biochemical
composition of the silages (Table 6).

DISCUSSION
Seed-Killing Efficacy of Ensiling

Lab-scale ensiling for 8 months decreased the proportion
of viable seeds of the hardseeded (HS) species studied and
completely inactivated the non-hardseeded (NHS) ones. These
results are consistent with the findings of other studies ensiling
seeds on a long-term basis, ie., for more than 3 months

TABLE 3 | Pairwise comparisons of the effect of different silage types and
untreated controls on the proportion of dead seeds. Upper right triangle: odds
ratios (column to row); lower left triangle: corresponding P (z-ratio).

Untreated Maize Maize Untreated Maize Wildflower Wildflower
A 82,ideal 82,stress B 87,ideal blend 1 blend 2
Untreated A 0.23 0.24 1.69 B
Maize 82, ideal <0.001 1.05 5 1.48
Maize 82, stress <0.001 0.76 a 5 o
Untreated B <0.001 o g 0.20 0.18 0.19
Maize 87, ideal ° 0.01 o <0.001 0.88 0.92
Wildflower blend 1 . o B <0.001 0.39 1.04
Wildflower blend 2 . o o <0.001 0.59 0.76

(Shevkenek, 1934; Woodward, 1940; Mayer et al., 2000; Overud,
2002; Liick, 2012; Westerman et al., 2012; Aper et al., 2014; Koarai
et al, 2015; Simard and Lambert-Beaudet, 2016). However,
regarding the HS species the seed-killing efficacies of our silages
were low compared to other long-term studies (Mayer et al., 2000;
Westerman et al., 2012; Koarai et al., 2015; Simard and Lambert-
Beaudet, 2016). Instead, the killing efficacy in our experiments
was more in the range of studies that ensiled HS seeds for a
maximum of 3 months reducing the viability of HS species by
about half on average (Woodward, 1940; Mayer et al., 2000;
Stanton et al., 2012; Simard and Lambert-Beaudet, 2016; Piltz
etal., 2017).

The seed-killing efficacies found here are nonetheless within
the range of previous studies (highlighting the immense range
of responses of HS species in ensiling). In fact, the viability
losses of the HS species studied so far varied between 0
and 100%. In individual samples of A. pelecinus (L.) Barneby
(biserrula, Fabaceae) the mean viability was even higher than
in untreated controls (Stanton et al., 2012). Viability loss
also varied, sometimes greatly, within HS species of which
several batches were examined, e.g., A. theophrasti (Westerman
et al, 2012; Simard and Lambert-Beaudet, 2016; this study),
and M. officinalis (Woodward, 1940; this study). For example,
our one-year-old seed batch of M. officinalis originating from
Germany lost about 15% of its initial viability in our lab-
scale, maize-based silages, while a batch of unknown age
from the U.S. was almost completely inactivated in various
silages of alfalfa (Woodward, 1940). The differences between
studies could be due to possible effects of the surrounding
silage substrate as well as to different initial seed qualities.
Seed lot quality can vary strongly depending on factors
such as seed age, plant population, and storage conditions
(e.g., Hay and Probert, 2013). For example, the viability of
our untreated seeds differed significantly between the two
experimental years.

TABLE 4 | Analysis of deviance of the generalized linear mixed effects model for the proportion of dead seeds of HS species as influenced by ensiling conditions (“ideal”
and “stress” in maize 82), plant species (A. theophrasti, M. alcea, M. sylvestris, M. albus, M. officinalis), and their interaction.

Added variable Degrees of freedom AlC Chi? P(Chi?)
(No fixed effects) 272.80

Ensiling condition 1 274.60 0.1963 0.6577144
Species 222.54 60.0596 2.818e-12"**
Silage quality x species 210.03 20.5130 0.0003954***

***P-values < 0.001.

TABLE 5 | Analysis of deviance of the generalized linear mixed effects model for the proportion of dead seeds of HS species as influenced by composition of ensiled
substrate (“maize 87, ideal,” wildflower blends 1 and 2), plant species (M. alcea, M. albus, M. officinalis), and their interaction.

Added variable Degrees of freedom AlC Chi? P(Chi?)
(No fixed effects) 334.81

Ensiled substrate 2 338.18 0.625 0.7316
Species 2 315.62 26.564 1.705e-06"**
Ensiled substrate x species 4 322.88 0.741 0.9462

***P-values < 0.001.
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Abutilon _ untreated  (5/498)
theophrasti ensiled  (6/602)
Malva untreated  (3/297)
alcea ensiled (11/2001)
Malva ] untreated  (8/797)
sylvestris ensiled  (6/601)
Melilotus untreated (12/1173)
albus ensiled (21/4807)
Melilotus untreated  (9/895)
officinalis ensiled (21/5116)
Hardseeded untreated (37/3660)

ensiled (65/13127)

FIGURE 3 | Proportion of germinated to viable seeds of HS species before (untreated) and after ensiling.

o
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germinated / viable seeds

TABLE 6 | Effect of silage type on the biochemical composition of silages estimated by PerManova.

Degrees of freedom Sums of squares Fisher model Explained variability P(F-value)
Silage type 4 0.1097 86.781 0.95594 0.0010***
Residuals 16 0.0051 0.04406
Total 20 0.1148 1

The following biochemical parameters were included: dry matter content, content of crude ash, total nitrogen, ammonium bound nitrogen, pH-value, lactic acid, acetic acid, propionic

acid, ethanol, propanol, and 2,3-butanediol.
***P-values < 0.001.

Regarding the differing survival rates of HS species in ensiling
it might be relevant that the degree and the depth of HS differ
between species and seed lots (Baskin and Baskin, 2004). In
general, the coat of young seeds of HS species in the early
stages of ripening is still permeable to water (Jaganathan et al.,
2016 and references therein), and thus possibly also to harmful
fermentation products from ensiling. Fully mature seeds of HS
species, on the other hand, are likely to be protected by their
hard, water-impermeable seed or fruit coat. The different killing
efficacies for different aged batches of A. theophrasti from three
different studies fit this theory well: After more than 3 months of
ensiling, batches of freshly harvested A. theophrasti seeds were
completely inactivated (Simard and Lambert-Beaudet, 2016),
while a 3-year-old batch had lost only one-fifth (Westerman
et al,, 2012) and our 6-year-old batch had lost as few 5% of its
initial viability. Whether seeds of HS species actually become
more resistant to ensiling due to increasing maturity and depth
of HS could be demonstrated by ensiling different batches of a
HS species with known characteristics under identical conditions.
Transferred into farming practice, increasing insensitivity of HS
species to ensiling over time would mean that the seed-killing

efficacy of ensiling would tend to be higher than that determined
in our study. This is because in practice, only (young) weed seeds
still on the harvested plants would enter the silo.

However, HS is not the only mechanism that can make seeds
resistant to ensiling. This is evident, for example, from the
fact that not all NHS species studied so far were completely
inactivated by ensiling, although none survived in our study.
For instance, Rumex crispus L. (curled dock, Polygonaceae)
and Spergula arvensis L. (stickwort, Caryophyllaceae) had lost
only a maximum of 36 and 47% of their initial viability after
3 and 8 months in ensiling, respectively (Mayer et al., 2000;
Overud, 2002). The specific mechanisms by which species
without HS survived ensiling are not yet clear. But seed coat
thickness (Simard and Lambert-Beaudet, 2016), seed maturity
(Piltz et al., 2017), and induction of dormancy (Overud, 2002)
have been suggested as factors that might increase their resistance
toward ensiling.

In addition to killing seeds, ensiling appeared to have
weakened seed vigor because the proportion of germinated to
viable seeds was lower after our ensiling. This makes it unlikely
that these viable seeds will develop into seedlings. We assume
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FIGURE 4 | Differences in the biochemical composition of the five silage types displayed in non-metric Multi-Dimensional Scaling (n-MDS). Points indicate replicates
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the same for the seeds of M. albus that have already started to
germinate in the silage, as seedlings are too unstable to survive
the mechanical stresses associated with application or further
processing. Other studies did not report germination in silage,
but morphological changes in seeds indicating damage and, thus,
limited survivability (Simard and Lambert-Beaudet, 2016; Weller
etal., 2016).

Although the properties of the plant seeds themselves are
important, their survival in silages is mainly influenced by the
conditions of the particular ensiling process. In this regard, the
influence of ensiling duration on seeds was studied and—as in
our study—it was found that longer ensiling was equivalent to
a higher seed-killing efficacy (Mayer et al., 2000; van Eekeren
et al., 2006; Trolove and Dowsett, 2015; Simard and Lambert-
Beaudet, 2016). In addition to the longer time the ensiled biomass
can act on the seeds, the different biochemical phases of the
ensiling process may play a role here. During these phases,
various fermentation products are formed due to microbiological
activity, which depends on properties of the ensiled biomass
and the respective ensiling conditions until finally a relatively
stable (storage) state is reached (Miiller and Bauer, 2006). The
biochemical characteristics of a silage thus depend on factors in
which all studies on seed survival in ensiling differed to a greater
or lesser extent.

Effect of Silage Type on Seed-Killing
Efficacy

In agreement with other studies that have tested different silage
types on more than one species (Woodward, 1940; Anonymus,
1959-1960; Simard and Lambert-Beaudet, 2016) we did not find
a consistent effect on the seeds of all weed species studied. When

the silage types were distinguished by substrate composition, the
seed-killing effect of the types did not differ in our study or that
of Woodward (1940), but it did species-specifically in Simard and
Lambert-Beaudet (2016) and Anonymus (1959-1960). However,
when distinguished according to ensiling conditions (ideal and
stressed), the effect of our silage types differed, but again
depending on the weed species. A comparison of seed-killing
efficacy between silage types that differ in ensiling conditions,
i.e., factors that are important to prepare a high-quality forage
silage (Miiller and Bauer, 2006) (high/low compaction, extent of
air inflow, contamination with soil bacteria), has not been done in
any other study that we are aware of. Rather, differences between
the silage types were based on the variation in individual factors
such as substrate composition (Anonymus, 1959-1960; Simard
and Lambert-Beaudet, 2016), manipulation of DM (Overud,
2002; van Eekeren et al., 2006), addition of inoculants (Weller
et al, 2016), and varying depths of incubation in the silo
(Shevkenek, 1934; Tildesley, 1937; James et al., 2011; Trolove
and Dowsett, 2015). Only Woodward (1940) varied three factors,
namely substrate, moisture content, and addition of molasses, for
his silage types.

Even though the silages studied so far have been classified
into types based on certain properties, they remain largely “black
boxes” and thus hardly comparable between studies because little
is reported on their biochemical characteristics. Data on selected
biochemical factors collected in some studies led to different
assumptions about the mechanisms of action behind the seed-
killing effect of ensiling. So far, moisture or DM content, changes
in temperature, pressure, and pH value, CO, content, lactic
acid content and the activity of proteolytic enzymes have been
discussed as possible inactivation mechanisms (Woodward, 1940;
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Blackshaw and Rode, 1991; van Eekeren et al., 2006; Simard and
Lambert-Beaudet, 2016; Weller et al., 2016). In terms of moisture
or DM, there is some evidence that silages with higher moisture
and consequently lower DM content are more efficient in killing
seeds (Woodward, 1940; Overud, 2002; van Eekeren et al., 2006).
However, this trend is contradicted by our data: Our silage with
the lowest DM content had a significantly lower seed-killing
efficacy than that with the highest DM content (“maize 87, ideal ™
26.2 £ 0.31% fresh weight vs. “maize 82, ideal”: 34.4 + 0.49%
fresh weight, Supplementary Table 5). Furthermore, we can add
to the discussion by noting that a significant difference in silage
biochemistry does not necessarily translate into a significantly
different seed-killing efficacy because, unlike other studies,
we have determined the biochemical characteristics including
fermentation acid patterns of our silages. The variance of the
fermentation products in our silages reflects their range quite
well in practice silages produced according to the current state
of knowledge; although there would be a considerable amount of
butyric acid in misfermented practice silages. From the fact that
we found no consistent differences in seed-killing efficacy within
the biochemical spectrum we studied, we conclude that neither
substrate choice nor manipulation of ensiling conditions (within
good practice) are effective measures to increase weed seed killing
during ensiling.

Comparison With Other Pathways
Reducing Seed Viability

To assess the potential of ensiling as a measure of integrated
weed management, it seems useful to compare it with the better-
known pathways of seed reduction in organic farming. In the field
itself, seed predation in particular (e.g., Westerman et al., 2003) is
similar to weed seed removal by harvesting and ensiling biomass,
although animal predators additionally reduce seed depots on
the soil surface. Furthermore, diverse tillage operations directly
affect the pool of weed seeds by burying them (Grundy et al,
1999). The extent to which the weed seed load can be reduced
by seed predation and tillage depends on management practices
and environmental conditions, but most importantly on the weed
species and their characteristics [e.g., Nichols et al. (2015) and
references therein]. For example, Galium aparine L. (catchweed
bedstraw, Rubiaceae) and Lolium rigidum Gaudin (rigid ryegrass,
Poaceae) lost 49 and 62% of their seeds, respectively, to predation
and 33 and 54% to 2-month burial (Baraibar et al., 2017).
Comparatively low were the mean seed predation rates reported
by Navntoft et al. (2009) of 17 and 10% for organically and
conventionally managed fields in New Zealand, respectively.
Despite this wide range of seed reduction by on-field processes,
the average seed-killing potential of our silages was higher, at least
for NHS species. For the HS species A. theophrasti, however, the
annual predation rate of 20-80% determined by Westerman et al.
(2005) was higher than the seed-killing efficacy of our silages.
Another important aspect when evaluating ensiling as a weed
control measure is the further use of the silages produced, which,
after all, still contain viable weed seeds in some cases. Usually
the silage is fed, i.e., subjected to animal digestion, and the
resulting manure is stored until it is used as fertilizer. All of

these fermentation processes have the potential to inactivate
seeds (e.g., Aper et al. 2014). However, seed inactivation does not
necessarily increase when seeds are exposed to them sequentially
(Blackshaw and Rode, 1991; Stanton et al., 2012; Piltz et al., 2017).
Rather, the process step which weed seeds are exposed to first
is crucial for weed control because (HS) seeds that survive the
initial fermentation process often survive subsequent processes
(Edwards and Younger, 2006). In terms of weed control, ensiling
is likely to be more suited as a first process step than feeding, since
many seed-producing weed species have evolved adaptations to
survive herbivory (Blackshaw and Rode, 1991).

Ensiling and the Use of Flowering Plant

Mixtures

When the biomass of wild plant flowering mixtures is used
(Cossel and von Lewandowski, 2016) their seeds can be
unintentionally spread and possibly become weeds. According
to our study, ensiling can help reduce this risk of weed spread
by killing the seeds of NHS and reducing the viability of HS
wildflower species. Especially compared to direct use of biomass
as in the newly emerging practice of “cut and carry” (Benke
et al., 2017), in which mulched biomass is transferred from field
to field as an organic nutrient source, ensiling would contribute
greatly to integrated weed management. Of course, the HS species
that have survived ensiling still pose a risk as potential weeds.
However, this risk would presumably be lower than after direct
use in a biogas plant. Westerman et al. (2012) reported that
weed seed viability was generally more affected by ensiling than
by anaerobic digestion. Therefore, upstream processing of wild
plant biomass via ensiling would improve weed management
compared to immediate biomethanization.

CONCLUSIONS

Ecological weed management aims to subject weeds to multiple,
temporally variable stresses, for which Liebman and Gallandt
(1997) coined the term “many little hammers.” Based on the
results of this study, we conclude that ensiling is an often
overlooked yet effective way to reduce weed seed loads in a
sustainable manner. By reducing number and vigor of weed
seeds, ensiling helps exclude weeds from fields, reducing their
density and delaying their emergence before they can interfere
with crop growth or reproduction. Thus, ensiling can be one of
the “little hammers” in ecological weed management.

Ensiling unfolds its full seed reduction potential primarily
with NHS weeds. However, it has a gap in effectiveness when
it comes to reducing the viability of HS species, especially
if they have reached full maturity and/or have additional
dormancy mechanisms. It remains to be investigated whether
this effectiveness gap can be closed by specifically varying silage
properties or by extending the duration of ensiling beyond the
usual storage times of forage or energy substrates.

As an on-farm integrated weed management tool ensiling
targets only seeds that are part of the biomass stream intended
for whole-crop storage. Also in terms of biomass streams a
tendency toward specialization in organic farming can currently
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be observed (“conventionalization debate”). This may include a
marginalization of animal husbandry in favor of well-marketable
cash crops. In this context, our results suggest that the traditional
and proven integration of cropping and livestock with their
characteristic material flows and biomass processing steps
(ensiling, manure storage) is not only beneficial for soil nutrient
supply, but is also an essential element of integrated weed
management in organic agriculture.
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