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Abstract: In addition to improving soil quality, the fertilisation of grassland with cattle slurry
is often associated with seed dispersal. Most studies focus on the effects of cattle slurry on the
germination and early development of weed species, but less is known about how slurry affects
the germination process of grasses and forage legumes. The aim of Experiment I of our study was
therefore to investigate the influence of soaking time in cattle slurry of different concentrations on
Lolium multiflorum, Dactylis glomerata, Trifolium pratense and Trifolium repens. Seeds were soaked
in undiluted (100%) and diluted cattle slurries (50% and 25%) for 14, 28, 42, 56, 70 and 84 days.
Experiment II was conducted to study the initial growth of studied plants from seeds soaked in cattle
slurry of different concentrations for 14 days. After the germination test, which was carried out under
controlled conditions, the germination index (GI) was calculated. The results (Experiment I) show
that a short soaking in cattle slurry (14 days) has no negative effect on the germination process for
all species. However, a longer soaking resulted in significantly reduced and delayed germination,
especially in undiluted slurry for grasses and diluted slurries for clovers. The slurry concentration
(Experiment II) only influenced the root growth of L. multiflorum. Seedlings grown from seeds soaked
in undiluted slurry had a 17% higher relative root length than the control and developed significantly
longer root systems than the other two slurry concentrations.

Keywords: cattle slurry; soaking time; seed germination; initial plant growth; Lollium multiflorum;
Dactylis glomerata; Trifolium pratense; Trifolium repens

1. Introduction

Semi-natural grassland covers a large part of the earth’s surface and about 30% of
the agricultural land in Europe. It serves as a source of fodder for livestock, a habitat for
wildlife, environmental protection (e.g., carbon sequestration and soil conservation) and in
situ conservation of plant genetic resources [1]. There are still large areas of semi-natural
grassland in both Eastern Europe (Romania and Poland together have about two million
hectares) and Slovenia (53.6% of semi-natural grassland is within the total agricultural area).
Many livestock farmers in Slovenia and elsewhere depend on grassland and its products
such as hay and silage [2].

Intensive grassland management (widespread use of herbicides, mineral fertilisers,
frequent cutting regime and reseeding of swards) improves fodder production and its
quality [3-5], but on the other hand often leads to the disappearance of traditional land
uses (such as mowing with grazing in late autumn) and reduces plant diversity [4,6,7]. It
is clear from the literature [8-10] that the seed bank often lacks desirable target species
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during prolonged periods of intensification or abandonment. Therefore, the European
Union (EU) has committed to planning for the restoration of biodiversity, including natural
grasslands, through its Biodiversity Strategy 2030 and the Green Deal Initiative. The aim
of these strategies is to halt biodiversity loss and achieve sustainable growth, as well as
to maintain and/or enhance grassland biodiversity in EU Member States. The focus is
on revitalising degraded habitats and expanding the network of protected areas (PAs:
NATURA 2000) [11,12].

It is well known that seasonally late mowing of hay allows seed dispersal of plant
species and has a positive effect on grassland biodiversity, e.g., on the size of the seed
bank in the soil and on species diversity [13-15], as up to 95% of the plants are mature at
the traditionally late time of hay mowing (mid-August) and this value increases to 100%
if mowing is done even later [16]. Natural recolonization can also occur through seed
dispersal by applied organic manure (e.g., slurry) or grazing livestock [17,18], but this
process is usually slow and unreliable, even under favourable conditions, and often results
in communities with lower floristic diversity [19]. Therefore, active introduction of species
is usually required [20,21].

In recent years, numerous management methods have been introduced to maintain
species-rich grasslands or to improve the botanical diversity of intensively managed grass-
lands [22]. The most commonly practised method is soil fertilisation. It can be generally
assumed that reducing the availability of nutrients in the soil increases the richness of
plant species [23,24]. However, Chytry et al. [25] reported that appropriate fertilisation can
actually increase species richness in species-poor grassland with low productivity.

Traditional haymaking is another practise that contributes to the conservation of the
biotic diversity of the grasslands. Typically, hay seeds were collected from the barns where
the hay was stored and then distributed to the grasslands [26,27]. Nowadays, modern
cattle production systems often include pasture-based milk and beef production, where
winter stabling usually lasts about six months, depending on the system, location and soil
type. The animals also receive a proportion of hay in their feed ration. This means that the
seeds from the feeding table also end up in the cattle’s slurry [28].

About 80% of the slurry produced in winter stables is spread as slurry and used as
fertiliser on semi-natural grassland, especially on livestock farms and mixed farms. It is
also typical that on farms where most of the forage is used during the stable season, the
slurry is applied back to the land from which the winter forage was harvested [28]. It is
therefore possible that the application of cattle slurry not only contributes to the dispersal
of plant seeds, but that the application of cattle slurry can also lead to the locally favoured
establishment of seedlings in the meadow [29-31]. This approach can contribute to longer
sward life and is an added benefit, as research by Volden [32] has shown, since slurry has
minimal negative effects on grass and clover seed germination. In a study by Jones and
Roberts [33], who investigated the maintenance of annual ryegrass, slurry seeding was
found to be effective in extending the sward life of the species.

While there are numerous studies and methodologies addressing seed dispersal mecha-
nisms and strategies to promote botanical diversity in grassland ecosystems, comprehensive
data on the dynamics of seed germination and its intricate relationship with the temporal
exposure of seeds to cattle slurry are still lacking. Cattle slurry is a commonly used organic
fertiliser as well as seed dispersal medium that could affect seed survival, germination
process and early growth of plant species. Since most previous research in this field focused
on weeds, the economically important grasses and legumes that are also found in slurry
have been overlooked. The main objective of this study was to determine the effects of
different concentrations and soaking times of cattle slurry on the germination and initial
growth of certain grassland plant species (including two grass species: Lolium multiflorum
Lam. and Dactylis glomerata L., and two legume species: Trifolium pratense L. and Trifolium
repens L.), with implications for maintaining biodiversity in natural grassland ecosystems.
Achieving these objectives should also provide valuable insights into the potential benefits
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and challenges associated with the use of cattle slurry as a medium for seed dispersal and
thus for biodiversity conservation in the fragile ecosystems of natural grasslands.

2. Materials and Methods

Cattle slurry from a moderately intensive dairy farm was used for the experiment. Well-
mixed slurry stored for six months was taken from the slurry pit and filled into the plastic
containers. The samples were diluted with tap water to three concentrations: 100% con-
centration (undiluted slurry; 10 L slurry; 11.8% dry matter (DM) and 836 g organic matter
(OM)/kg DM), 50% concentration (5 L slurry + 5 L water; 4.7% DM and 331 g OM/kg DM)
and 25% concentration (2.5 L slurry + 7.5 L water; 1.9% DM and 205 g OM/kg DM). The
pH value of the undiluted cattle slurry was 7.4.

The certified seed of two forage grasses—annual ryegrass (L. multiflorum) ‘Melquatro’,
cocksfoot (D. glomerata) ‘Kopa’ and two legume species—white clover (T. repens) ‘Grasslands
huia’ and red clover (T. pratense) ‘Global’ (all provided by Semenarna Ljubljana, Slovenia),
were placed in permeable polypropylene bags made of plant cover fabric (Vrteks; produced
by the sanitary material factory TOSAMA, Slovenia). Each bag contained four smaller
bags filled with about 100 g of seeds. The bags of seeds were soaked in each of the three
concentrations of cattle slurry for 14, 28, 42, 56, 70 and 84 days.

2.1. Experiment I: Germination of Forage Grasses and Legumes

After a specified soaking time, 30 seeds from each treatment, together with the control
(C—untreated seeds), were placed evenly in sterile Petri dishes (9 cm diameter) lined
with three layers of filter paper (FI-3-101-090, 0.21 mm). The filter papers were initially
moistened with 5 mL distilled water. Petri dishes were arranged in a completely ran-
domised block design in four replications and incubated in a growth chamber (LO 600-S,
IZR, Skofja Loka, Slovenia) at a relative humidity of 75%, a 14 h/10 h light/dark period
and a temperature regime of 25/15 + 1 °C day/night.

The seed germination process was monitored at 24 h intervals throughout the experi-
ment. A seed was considered viable (germinated) when the radicle visibly expanded and
reached a length of approximately 1 mm. At the end of the 18-day experiment, the Final
Germination (Gf) was calculated. However, since Gf represents only the final percentage
of germination of the seed lot and does not provide information on the speed and unifor-
mity of germination, the Germination Index (GI) was also considered. At GI, viable seeds
counted on the first day receive the greatest weight, and viable seeds counted later receive
a lesser weight. Therefore, GI emphasizes both the percentage of germination and its speed;
a higher GI value means a higher percentage and speed of germination [34].

The Gf and GI indices were calculated according to Equations (1) and (2), respectively:

Gf = No. of germinated seeds at final measurement/30 x 100, D

GI=(18 x N1) + (17 x N2) + (16 x N3) +... + (1 x N18), (2)

where N1, N2, N3 ... N18 are the number of viable seeds on the first, second, and following
days until the last, 18th day, and the factors 18,17, 16 ... and 1 are the weights assigned to
the number of viable seeds on the first, second, third and subsequent days, respectively.

2.2. Experiment II: Initial Growth of of Forage Grasses and Legumes

For Experiment II, the seeds of the species studied were used, which had been soaked
in cattle slurry in permeable polypropylene bags for 14 days. These seeds (30 per replication)
were placed in sterile Petri dishes and arranged in a completely randomized block design
with four replications. Over a span of 21 days, the seeds were allowed to germinate within
a growth chamber under the same conditions as in Experiment I. The resulting plants were
then photographed using a Canon SZ61 camera. The length of both the individual seed
roots and shoots of each plant was measured using a stereomicroscope (Olympus SZ61,
Japan). For the grass species studied, the length of the root system of the young plant
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was calculated as the sum of the individual seed root lengths. Similarly, the length of the
coleoptile and the first developed leaf were summed and expressed as the shoot length.

The Relative Root Length (RRL) and Relative Shoot Length (RSL) were calculated
using Equations (3) and (4):

RRL (%) = Average root (root system) length in treatment/ Average root (root system) length in control, 3)

RSL (%) = Average shoot in treatment/ Average shoot length in control. 4)

2.3. Data Analyses

Analyses of variance (ANOVA) of a randomised block design were performed sepa-
rately for the species-specific data sets using Statgraphics Centurion XV (Statpoint Tech-
nologies Inc., Herndon, VA, USA), with the significance level set at p < 0.05. Before running
ANOVA, certain transformations were applied to the data to improve the normality of
distribution and meet the assumption of homogeneity of variance. In particular, the Germi-
nation Index data (GI) for all species were subjected to a square root (SQRT) transformation.
Relative Root Length (RRL) and Relative Shoot Length (RSL) data were considered untrans-
formed. Data from Experiment I were subjected to a two-factorial ANOVA and data from
Experiment II were analysed using a two-way ANOVA. Post-hoc analyses were conducted
to compare the means of the main factors’ treatments (Duncan test), comparisons of the
interaction treatments were made out using the Tukey’s test (o = 0.05) and Dunnett’s
test was used to compare treatments with the control. Results are presented as estimated
means =+ standard deviation (SD).

3. Results
3.1. Experiment I: Germination of Forage Grasses and Legumes

Although the two grass species had different germination abilities and different
germination patterns (Figure 1), seed germination in both species was significantly reduced
and delayed by the prolonged soaking and increased concentration of cattle slurry. While
seeds of both grasses exposed to undiluted cattle slurry for more than 14 days clearly did
not reach 50% of the final germination observed in the respective controls, L. multiflorum
showed comparatively less susceptibility to prolonged soaking, lasting up to one month in
diluted slurry, compared to D. glomerata. However, the seeds of D. glomerata soaked in 25%
diluted slurry germinated faster and achieved higher final germination than the control.

Kader [34] showed that the GI is one of the most comprehensive germination indices.
It combines the percentage of germination and the speed of the germination process and
thus improves the visibility of variation between seed lots by providing easily comparable
numerical data. For this reason, ANOVA was applied exclusively to GI.

For L. multiflorum and D. glomerata, the ANOVA (Table 1) showed highly significant
effects (p < 0.001) of soaking time on GI (F-value of 96.9 and 151.1, respectively), together
with the influence of cattle slurry concentration (F-value of 17.2 and 5.0, respectively). In
addition, a significant interaction was observed between the factors studied (F-value of 2.7
and 6.0 for L. multiflorum and D. glomerata, respectively).

The results clearly show that prolonged soaking has a detrimental effect on the GI of
L. multiflorum (Table 1). While the values of GI after 14 days of soaking (423, 355, and 359
for 100%, 50%, and 25% slurry concentration, respectively) were comparable to those of the
control (438), a longer soaking time resulted in a significant decrease in GI. The decrease was
most pronounced in undiluted slurry, where GI dropped to 109 or 25% of the control value
after only 28 days of soaking. Averaged across all concentrations, GI gradually declined
from 379 in the 14-day soaking treatments to only 10 when seeds were soaked for three
months (84 days). On average, the undiluted slurry had a more deleterious effect on the GI
of L. multiflorum (108) than the 50% and 25% diluted slurry (159 and 137, respectively).
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Figure 1. Dynamics of seed germination in: (a) L. multiflorum and (b) D. glomerata as a function of
soaking time in cattle slurry of different concentrations.

The same gradual and even steeper decline of GI was also observed in D. glomerata
(Table 1). On average, the values of Gl dropped from 150 (after 14 days of soaking) to
only 2 when the seeds were soaked for more than two months. Examining the interaction
and comparing treatments where seeds were soaked for 14 days, we found that GI was
statistically equal to the control (153) only in seeds soaked with slurry diluted to 50%
(131). In contrast, GI was lower in seeds soaked in undiluted slurry (125) and significantly
higher than control when seeds were soaked in 25% diluted cattle slurry (193). As with L.
multiflorum, GI was also lower for D. glomerata when seeds were soaked in 100% slurry (25)



Agriculture 2023, 13, 1999

60f11

compared with diluted slurries where GI was estimated to be 42 and 48 at 50% and 25%
concentrations, respectively.

Table 1. Effect of soaking time in cattle slurry of different concentrations on the Germination Index
(GI) of the grasses studied.

. L. multiflorum D. glomerata
Soaking

Time Cattle Slurry Concentration (%) Cattle Slurry Concentration (%)

(Days) 100 50 25 Mean 100 50 25 Mean
14 423 £404a* 355+£56.8a* 359 +£57.1a* 379 A 125 +26.4D 131 £ 8.5 b* 193 +£33.2a 150 A
28 109 +£211cd 220+£783D 228 £36.1b 186 B 11+41d 55+ 158¢ 57 £ 6.6 ¢ 41B
42 55+ 55d 201 £809bc 105+ 31.0 cd 120 C 11+72d 324+125cd 24 +8.8cd 22C
56 57£29d 106 £222cd  82+£285d 82C 0+£0.0d 32£175cd 12+85d 15C
70 3+£19d 61 £16.0d 29+69d 31D 0+£0.0d 0+£0.0d 5+1.0d 2D
84 0+0.0d 11+60d 19+£85d 10E 54+10.0d 0+0.0d 0+0.0d 2D

Mean 108 B 159 A 137 A 25B 42 A 48 A
C 438 £13.1 153 £7.1

A-E means of the main factors’ treatments followed by different letters are significantly different (Duncan,
o = 0.05). a—d means (£SD) of interaction treatments followed by different letters are significantly different
(Tukey, « = 0.05). * values followed by an asterisk are not significantly different from those of the control (Dunnett,
« = 0.05).

From Figure 2, which shows the germination dynamics of the two clover species, it
can be seen that for both T. repens and T. pratense there is a marked decrease in the final
germination percentage when the soaking time exceeds 14 days. Apart from the treatment
in which T. repens seeds were soaked in undiluted slurry for 28 days, all other treatments
failed to achieve even 50% of the final germination observed in the respective controls.

ANOVA shows that soaking duration had the greatest influence (p < 0.001) on the GI
of T. repens and T. pratense (F-value of 113.4 and 110.7, respectively), followed by slurry
concentration (F-value of 6.1 and 110.7, respectively). The interaction was significant
(p < 0.001) and is shown in Table 2.

Table 2. Effect of soaking time in cattle slurry of different concentration on the Germination Index
(GI) of the forage legumes studied.

Soaking T. repens T. pratense

Time Cattle Slurry Concentration (%) Cattle Slurry Concentration (%)

(Days) 100 50 25 Mean 100 50 25 Mean
14 428 £54.1a* 379+442a* 370+221a* 392 A 397 £ 304 a* 364 £28.7a* 416=+173a* 392 A
28 146 £374Db 23+£76¢c 16 =114 c 62 B 258 +33.0b 33£53c 20£11.7c 104 B
42 35+37c 9+54c 35+ 116¢ 26 C 10£69c 24+83c 4+03c 12C
56 14 £50c 8+ 46¢c 10£59c 11C 11£68c 10£37c 4+04c 9C
70 9+57c¢ 23+£75¢c 9+09c 14C 10+6.1c 15+99c 15+20c 13C
84 0£00c 15£58¢ 0+00c 5C 16 £9.3c 28+9.7c¢ 0+00c 15C

Mean 105 A 76 B 73B 117 A 79 B 77 B
C 393 £21.5 412 £ 16.7

A—C means of the main factors’ treatments followed by different letters are significantly different (Duncan,
a = 0.05). a-c means (£SD) of interaction treatments followed by different letters are significantly different (Tukey,
o = 0.05). * values followed by an asterisk are not significantly different from those of the control (Dunnett,
o =0.05).

As with the grasses, the GI values of clover seeds soaked in slurries for 14 days (392)
was not statistically different from those of the controls (393 for T. repens and 412 for T.
pratense), but values decreased with longer soaking. GI values decreased particularly
drastically when soaking time is extended to a period longer than one month. In contrast
to the grasses, however, the decline was most pronounced in diluted slurries (Table 2).
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In contrast to the forage grasses studied, the germination process of T. repens and T.
pratense was less affected after seed soaking in undiluted slurry (105 and 117, respectively)
than in slurries diluted to 50% and 25% (T. repens: 76 and 73 and T. pratense 79 and
77, respectively).

Undiluted slurry (100%)
Undiluted slurry (100%)
14 —m 28 —& 42 —& 56 070 @84 —C

100 - 14 @ 28 —& 42 —& 56 070 --@-84 —C
90
80.83%| 90
80 Gf: 81.67%)
Gf: 80.00% 80 76.67%
270 -
N g70
£ =
-4 °
2 60 Gf: 54.17%
2 50 ':S() .-_._r‘._..———l—.—-l—l—f+i-—I—.-—|l
= 50% Gf f 2 554
£ 40 U AC LS 3 J50% Gf for C.
£ Gf: 32.50% - 40 7
g 30 A—E 2 —— % % —E— " —A— £
© / Gf: 7.50% 6 30 /
20 - -a—n-a Gf:3.33% A
/ Gf- 2.50% 20 / Gt: 2.50%
10 'd Gf: 0.00% 6:250%
o/ i S Tl N vl Gl e e . e il Sl E R il 3 5 10 |/ Gt 2.50%]
0 Wi e L TR T T T T T T T T T T 5 e s s s s s 11 )
I 2 3 4 5 6 7 @& 9 101 12 13 1413 16 42 i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Time (day) Time (day)
Diluted slurry (50%) Diluted slurry (50%)
14 —m 28 =& 42 —& 56 070 --@-84 —C 14 —m 28 —& 42 —& 56 970 @84 —C
100 100
20 90
Gf: 80.00% Gf: 81.67%
80 80
73.33% 75.00%)
270 270
&a )
3 60 teo
@ >
2 50 3 50
£ 40 50% Gf for C £ 40 50% Gf for C
: ‘
&30 330 :
G:: 6.67;“ Gf: 7.50%
Gl 6.67"
20 Gf: 3.33%
10 o 3a
,,,,,,, il e i} e il e e i} el B P
0 bmcpegm T e g g s ot =
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Time (day) Time (day)
. o
Diluted slurry (25%) Diluted slurry (25%)
i 14 -8 28 —& 42 — 56 ~0-70 --0-84 —C 100 1475 28 1wk 42 =i 56 ~8=70 =¢:04 =—C
90 920 87.50%
GI:81.67%
80 Gf: 80.00%} 80
g 72.50%) g 70
= %
4
260 g 60
g g
H
&= .,'-‘;,‘ Y 50% Gf f
= 50% Gf for C £ 40 A GdorC
£ 40 g
6 30 o 30
G:: 7.50;:
Gf: 3.33¢
20 Gf: 2.50%
Gf: 2.50%
10 Gf: 0.00%
+ . . O . ol ol ok . el ekl =k ek s
0 W e e el o e ey
N 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 ;
Time (day)
Time (day)

(@) (b)

Figure 2. Seed germination dynamics for: (a) T. repens and (b) T. pratense as a function of soaking
time in cattle slurry of different concentrations.

3.2. Experiment 1I: Initial Growth of Forage Grasses and Legumes

Since soaking the seeds in cattle slurry of different concentrations for 14 days did
not show significant differences in most of the plant species studied compared to their
respective controls (except for D. glomerata), we focused on investigating whether the slurry
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concentration affected the early growth of the seedlings. The analysis of the results showed
that the slurry concentration only influenced the root growth of L. multiflorum (Table 3).
Seedlings grown from seed soaked with undiluted slurry had a 17% higher Relative Root
Length (RRL) than those of the control (161.6 mm) and developed significantly longer root
systems than the other two slurry concentrations tested.

Table 3. Relative Root Length (RRL) and Relative Shoot Length (RSL) of 21-day-old forage grasses
and legumes after soaking in different concentrations of cattle slurry.

Slurry Conc. L. multiflorum D. glomerata T. repens T. pratense
RRL and RSL (%) RRL * RSL " RRL " RSL " RRL ™ RSL " RRL " RSL "¢
100 117 £ 203 a 87 £20.0 112 £ 16.5 105 £19.7 105 +£24.1 84 + 6.1 71£98 76 £7.6
50 91+48b 96 + 16.1 100 £+ 22.0 96 £ 7.6 87 +£28.2 77 £17.4 95 +20.2 66 + 2.1
25 87+93b 85+94 128 £20.8 115 £ 20.3 111 +£12.2 91 £20.5 83 £13.2 80 £10.3
Clenghts (mm) 161.6 94.2 58.0 112.1 48.1 16.0 62.9 23.1

* Significant at p < 0.05 and non-significant (ns). a,b means (+SD) followed by different letters are significantly
different (Duncan, « = 0.05).

4. Discussion

There are few recent studies on how different concentrations of slurry and different
soaking times for seeds in cattle slurry affect the germination and initial growth of certain
plant species. While most studies have focused on the effects of treating weed seeds with
various organic amendments, including fertilisers of animal origin, on the germination rate
of other plant species [35-37], none of these studies have specifically addressed how the
duration of soaking grass and legume seeds in cattle slurry affects their germination and
initial growth. Nevertheless, previous research has provided valuable insights, some of
which are consistent with the results of our own research. An example from the mid-20th
century is the pioneering study by Wollan et al. [38], who investigated the effects of sewage
sludge on seed germination. The results of their pot experiments investigating the effects
of sewage sludge on Hordeum vulgare and Lolium spp. seed germination showed that
germination was inhibited in the presence of sewage sludge. The authors find a strong
correlation between the content of OM in the mixtures of sewage sludge and soil in which
the seeds were grown and the effects on germination. Comparative tests conducted on
mixtures with different contents of OM showed that the delay in germination was most
pronounced in the mixtures with higher OM contents, which roughly corresponds to the
germination index and initial growth of the plant species in our research (Experiments I
and II). It is assumed that when sewage sludge or other liquid fertilisers with high OM
concentrations, such as the slurry in our experiments where OM ranged from 836 g OM/kg
DM, 331 g OM/kg DM to 205 g OM/kg DM, came into direct contact with plant seeds,
increased microbial activity set in, leading to a reduction in oxygen levels and creating an
environment conducive to the formation of volatile sprout inhibitors such as ethylene and
ammonia, as explained by Wong et al. [39].

Perhaps most similar to our experiments are the results of the study obtained from
sowing with slurry [40]. In this method, the seeds of Raphanus sativus, L. multiflorum and
Avena sativa are mixed with the slurry in the application tank for a certain time. The results
obtained illustrate the effects of slurry on the germination of the above-mentioned plant
seeds and their possible consequences if the method of slurry sowing is used. Immersing
the seed in the solution (100% slurry or diluting the slurry with water) can influence
germination as the seed is soaked and this acts as a trigger for germination. Furthermore,
the penetration of water into the seed can transport toxic components that can affect
germination, which also happens when the seed enters the slurry from the feed table in the
barn. The results showed high variability in the successful establishment and growth of all
plants involved, which is also consistent with our results.

The variability in successful initial plant growth could also be due to the leaching of
ammonia, urea and other inhibitory substances from the decomposing slurry. Allred and
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Ohlrogge [41] already confirmed in their laboratory studies that NHj is toxic, especially
in the initial phase of germination of Zea maize seeds (in the first 2 days), and that volatile
(free) NHj also affects the emergence of germinated seeds. Consequently, we can assume
that the interaction of different components in cattle slurry and the presence of unbound
forms of ammonia could be the main factors responsible for the reduced germination rates
and subsequent effects on seedlings initial growth.

Similar results to ours were obtained by Suarez [42], whose research aimed to deter-
mine the effects of slurry and exposure time on the germination of several plant species
(Triticum aestivum, Secale cereale, L. multiflorum, Avena sativa, Trifolium incarnatum, Brassica
oleracea convar. acephala, Raphanus sativus var. longipinnatus and B. campestris). The author
stated that pure slurry (100% concentration) has an inhibitory effect on seed germination
in all species. Diluted slurry at 2/3 strength also had an inhibitory effect on germination
and behaved very similarly to 100% slurry. Slurry at one-third strength strongly inhibited
germination of T. incarnatum, but the effect on the other species were less pronounced.
Legumes, e.g., T. incarnatum, appear to be more susceptible to slurry than grasses and
other species, with a sharp reduction in germination at one-third strength (83% reduction
compared to estimated total germination and about 79% reduction compared to controls
for each species). For the grasses and the other species, the reduction was between 21-29%
of the expected total germination and about 10-29% compared to the controls for the same
species, which is quite comparable to our study. The results obtained also showed that
regardless of the immersion solution (water or slurry), longer immersion periods (>24 h)
had a detrimental effect on the germination of the experimental plants. The reduction in
germination rate of R. sativus var. longipinnatus and A. sativa was more negative due to this
immersion effect. Short immersion <1 h (also in slurry) showed the highest germination
rates for all species (>70%). We therefore assume, which is also confirmed by our investi-
gations, that with increasing soaking time in diluted or undiluted cattle slurry, both the
Germination Index and seedling initial growth decrease.

Hoekstra et al. [43] investigated the effects of cattle manure from farms with different
feeding strategies (extensive organic, intensive organic, integrated and conventional) on
germination and initial root growth of cress (Lepidium sativum). Our results are comparable
to those of this study, as both showed that seed germination and root growth decreased
with higher concentrations of organic fertilisers. Stimulating effects on root growth were
observed at concentrations of 1% and 3% [43]. Overall, the study also concluded that
manure from farms with different feeding strategies can differ significantly in terms of
phytotoxicity (presence of heavy metals). Relative seed germination after 24 h showed
significant differences at a concentration of 30% and was most strongly correlated with
water-soluble copper. We therefore assume that the Germination Index and early growth
(RRL and RSL) of grass and legume seeds could also be influenced by heavy metals, which
were not investigated in the experiments we conducted.

5. Conclusions

Survival of forage plant seeds in a cattle slurry has an impact on competition between
grassland plants and site dominance, promoting sustainable yields and biodiversity. In line
with our research objectives, we found that different concentrations of cattle slurry affect
seed germination and early plant growth. As previously described in:

- Experiment I: A short 14-day soaking in cattle slurry has no negative effect on germina-
tion of L. multiflorum, D. glomerata, T. repens and T. pratense. However, longer soaking
(more than 14 days) resulted in reduced and delayed germination of these tested
plants, especially in undiluted slurries for grasses and diluted slurries for clovers.

- Experiment II: Soaking seeds in cattle slurry of different concentrations for 14 days only
affected the initial growth of L. multiflorum. Seedlings of seeds soaked in undiluted
slurry have higher RRL than the corresponding control.

Further research in this area is needed as the information could provide valuable
insights into the complex relationship between cattle slurry application and seed survival.
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However, the information obtained in this study may help to refine the cultivation tech-
niques required to meet the conditions of the EU Biodiversity Strategy and the Green Deal
initiative in relation to the conservation of biotic diversity.
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