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Seed viability of feathertop
Rhodes grass (Chloris virgata
Sw.) reduced by silage,
digestion, and sheep

rumen digestion

Md Asaduzzaman®, John Piltz, Eric Koetz, Michael Hopwood,
Adam Shephard and Hanwen Wu

New South Wales Department of Primary Industries, Wagga Wagga, NSW, Australia

Weed seeds can be spread by different vectors, and seed dispersal is an
important mechanism for the weed to persist. Weed seeds passaging
through the digestive tract of a ruminant animal is expected to result in
reduced viability. Two separate experiments were conducted to determine
the germinability and viability of the mature seeds of feathertop Rhodes grass
(Chloris virgata Sw.) after exposure to four treatments, that is, 3 months in
silage, 48 h in the rumen of steers, silage plus digestion, and passing through
the digestive tract of sheep. Our results showed that three different treatments
(silage, digestion, and silage plus digestion) can inhibit 90%—-100% of the seed
germination of feathertop Rhodes grass. Both silage and digestion reduced
seed viability by 65%-90%, depending on the population. Silage followed by
digestion reduced viability by 80%—97%. The sheep feeding study showed that
total viable seeds from the daily recovery of feces for 12 consecutive days after
ingestion was only 0.084% and 0.022% in the 2020 and 2021 experiments,
respectively. In comparison with the untreated control, the seed viability of
feathertop Rhodes grass was reduced by more than 99.9% after feeding
through sheep, indicating that the spreading of feathertop Rhodes grass
seeds via sheep feces is minimal. These results indicate that silage, digestion,
silage followed by digestion, and the ingestion of mature seeds are effective
non-chemical weed management options for an integrated weed
management package for feathertop Rhodes grass.
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Introduction

Weeds are a problem in agriculture and were recently
estimated to cost $3.3 billion in Australian cropping systems
alone (Llewellyn et al., 2016). The primary method for weed
control in most broadacre agricultural systems involves
herbicide application, accounting for over 80% of weed control
costs in Australia (Llewellyn et al., 2016). However, the threat to
the efficacy of herbicides and to conservation tillage systems is
the evolution of herbicide-resistant weeds (Heap, 2021). This is
particularly the case where the repeated use of a single herbicide
active ingredient (or active ingredients with the same mode of
action) results in high selection pressure and accelerates the rate
of herbicide resistance (Powles and Yu, 2010). To prolong the
use of herbicides, future weed management will necessarily
include non-chemical weed control strategies in combination
with tactical herbicide use to manage herbicide resistance.

Annual weed species can frequently germinate early in the
growing season and continue to germinate throughout the
season, enabling them to maximize seed production and
fitness across a broad range of environmental conditions (Sans
and Masalles, 1997). The viable weed seeds result from weed
survivors that reach maturity or can be imported into the field
via other sources. Hence, the prevention of the replenishment of
the weed seedbank and the reduction of viable weed seeds
entering a field are critical to successful weed management.
Often, annual weeds are highly palatable to grazing ruminants
(Marten and Andersen, 1975) and can have high nutritive value
(Moyer and Hironaka, 1993; Nashiki et al., 2005). Livestock can
be used to directly consume and control weeds during fallow
years and during fallow periods after harvest and before planting
the next crop (Landau et al., 2006; Schoenbaum et al., 2009).
Grazing livestock ingest various types of seeds when grazing
mature weed plants or seeds scattered on the soil surface (Olson
et al., 1997; Michael et al., 2006; Schoenbaum et al., 2009).

Passage through the digestive tract of ruminants (e.g., sheep
and cattle) reduces the viability of several grass weeds seeds and
legume seeds, thereby reducing the number entering the weed
seed bank (Piggin, 1978; Stanton et al., 2002; Kneuper et al.,
2003; Wang et al,, 2017). However, some seeds are still viable
after passing through the digestive tract of ruminants (Piggin,
1978; Stanton et al, 2002; Kneuper et al., 2003; Wang et al,
2017). These viable seeds can be transmitted by livestock, which
is a mechanism of seed spread (endozoochory) utilized by many
plant species. Weed seed spread by livestock is of most concern
in regions of the world such as Australia with extensive grazing
systems (Hogan and Phillips, 2011). The proportion of
undamaged seeds is related to the seed coat, with hard-seeded
species less affected by digestion by ruminant species and with
less damage resulting from ingestion by cattle than sheep
(Gardener et al., 1993a; Gardener et al., 1993b; Stanton et al.,
2003; Michael et al., 2006; Haidar et al., 2010). Nevertheless, the
role of the animal digestive tract on seed viability and the spread
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of weed seeds has not been sufficiently clarified for one of
Australia’s most important weeds—feathertop Rhodes grass
(Chloris virgata Sw.).

The production of silage is a common practice in many
countries including Australia, providing farmers with a reserve
of livestock feed that can be used strategically for production or
for ameliorating seasonal feed shortages (Piltz et al., 2017). Silage
is produced when forage is mechanically harvested, stored
anaerobically, and fermented to produce acids that preserve
the forage while anaerobic conditions are maintained (Piltz and
Kaiser, 2004). Weeds and weed seeds present at the time of
harvest are ensiled with the forage, and often, it is assumed that
the silage renders most of these weed seeds non-viable (Kaiser
et al.,, 2004). However, several studies reported that while most
weed seeds are destroyed by silage, a small percentage remained
viable (Blackshaw and Rode, 1991; Mayer et al., 2000; Piltz et al.,
2017). Silage is produced for the specific purpose of feeding
livestock; therefore, these viable seeds can potentially be spread
by livestock in feces via ingestion and passage through the
digestive tract.

Feathertop Rhodes grass is a major weed in both cropping
and non-cropping situations in Australia. This annual species is
very difficult to control, and no single weed management option
provides adequate control. Currently, feathertop Rhodes grass
control relies heavily on a few registered herbicides, particularly
those with glyphosate and acetyl CoA carboxylase (ACCase)
inhibitors, resulting in the rapid evolution of resistance to these
key agrochemicals (Widderick, 2020; Heap, 2022). Therefore, an
integrated approach is required for the effective management of
this weed. Pastures and forage crops inevitably contain weed
seeds, and a reduction in the number of viable seeds following
ingestion or silage may present an effective control strategy.
However, there are no reported data on feathertop Rhodes seed
survival after silage and/or digestion. Two separate experiments
were conducted to determine the effect of silage, digestion in
cattle, and their combined effect on the germination and viability
of different populations of feathertop Rhodes grass. Additionally,
we wanted to determine the percentages of the recovery of the
seed viability of feathertop Rhodes grass seeds after passing
through the digestive tract of sheep.

Materials and methods

Experiment 1: Impact of silage, digestion
(ruminal digestion) and silage plus
digestion

Seeds packets and silage preparation

A total of two and four populations of feathertop Rhodes grass
were used for this study in 2020 and 2021, respectively (Table 1).
Additionally, in 2021, annual ryegrass (Lolium rigidum) was used
as a quality control and a comparison with previous studies.
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TABLE 1 Feathertop Rhodes grass populations were tested against four different seed-damaging treatments (untreated control, silage, digestion,

silage plus digestion) in 2020 and 2021.

Population Location seed collections
FELT 04/20 East Darling Downs, QLD
HOLB 01/20 Holbrook, NSW

STURT/16-17 Wagga Wagga, NSW

MUTT 04/20 Wagga Wagga, NSW

Four treatments: (1) untreated (control), (2) silage, (3)
digestion, and (4) silage plus digestion were employed in both
years of the study. The seeds (n = 50) of each population were
placed in bags made from white polyester monofilament (53 +
10-um pore size) used for in sacco digestion studies (Bar
Diamond®). The pore size was small enough to contain all the
seeds but still allows for the passage of water, gases, and
microorganisms through the mesh (Haidar et al., 2010).
Separate bags were used for each population, and the bags
were ensiled in plastic bag mini-silos made of 100-um
polyethylene, each containing between 6 and 10 kg of chopped
lucerne (Medicago sativa L.) forage (Wilson and Wilkins, 1972).

The forage was chopped directly from pasture with an Iseki
mower with a catcher and spread in a thin (approx. 5-10-mm)
layer on black plastic to wilt in order to reach the target dry
matter (DM) content. The bags of seeds were layered in the
chopped forage to ensure that each bag was in contact with
silage. The chopped forage was physically compacted and air
evacuated from the bag with a household vacuum cleaner and
the bag opening tied securely to obtain an airtight seal. Then,
each bag was placed inside a second bag of the same type and the
vacuuming and tying process was repeated. The bags were
packed into 200-L drums surrounded by damp sand with a
layer of damp sand on the top to maintain weight on the bags.
The bags were stored for 3 months to ensure the completion of
the silage process; all silages were opened at the same time in
each experiment. Two bags of each population were placed into
each mini-silo, with each mini-silo representing a replicate; there
were three replicates in the study. Six bags of each populations
were retained and stored at room temperature (without silage).

Seed digestion in cattle rumen

Upon opening the silage, one bag of each population from
each silo was paired with a bag of the same population that has
not been ensiled. Both bags were placed in the rumen of a
mature Red Poll steer for 48 h, which is the equivalent length of
time as the rumen phase when determining in vitro digestibility
(Tilley and Terry, 1963). All bags from each mini-silo were
placed in the rumen of the same steer, and bags from different
mini-silos were placed in different steers. Three steers were fed
a diet consisting of lucerne hay, oaten chaff, barley grain, and
oat grain at 300, 300, 200, and 200 g kg’1 of the diet,
respectively, on an as-fed basis. The steers were fed daily
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- Tested
Tested Tested
Tested Tested
- Tested

each morning an amount calculated such that intake was
approximately 1.2 times maintenance requirements. Diets
were fed for 10 days prior to commencement of the digestion
study to ensure that the rumen had adjusted to a standard diet
and then for 48 h during which digestion degradability
was determined.

Germination and viability test

After silage and digestion treatments had been imposed, the
recovered seeds were placed on Whatman No. 1 filter paper
moistened with 4 ml of distilled water in a 9-cm petri dish. Petri
dishes were sealed with Parafilm and incubated for 11 days at
25°C/15°C day/night temperatures with a 12-h photoperiod. The
number of germinated seeds was recorded, and the remaining
non-germinated seeds of feathertop Rhodes grass were tested for
viability using the tetrazolium test previously described by
Stanton et al. (2002).

Experiment 2: Seed viability after feeding
through sheep

Only one population (MUTT 04/20) was used for this study
due to the availability of a large number of seeds. The seeds
(900 g) of this population were collected between April and May
2020 on a roadside in Gobbagombalin (146°34201”E, 35°
07°606”S), Wagga Wagga, NSW 2650. Laboratory tests showed
that seed had a 65% germination rate 7 months after collection.
A previous feeding trial protocol (Stanton et al, 2002) was
adopted with slight modification. Briefly, before the
commencement of the trial, the sheep (n = 8) were
individually penned and fed a diet consisting of lucerne and
oaten chaff (1:1). The sheep were fed daily each morning an
amount calculated such that intake is approximately 1.2 times
the maintenance requirements (average 856 g head'.day). On 26
November 2020, the sheep were fed the standard diet mixed with
40 g of feathertop Rhodes grass seeds (approximately 135,800
seeds). Following the introduction of feathertop Rhodes grass
seeds into the diet, the total feces were collected daily from day 1
to day 12 to determine the time taken from the ingestion to
complete excretion of the seed. Fecal collection for each day
occurred 24 h after feeding; hence, feces for day 1 were collected
prior to feeding on day 2 and so on.
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The feces sample was weighed and separated into three
subsamples where one subsample (260 g approx.) was used to
determine seed viability in a glasshouse. Other subsamples were
air-dried and kept in a cool room for further testing to confirm
the results. The third subsamples were used for a digestibility test
(not reported here). To determine the percentages of seed
viability in the feces, the first subsample was evenly spread
onto a plastic seedling tray (32 cm x 28 cm x 6 cm), which
was filled with a field soil (loamy soil). The feces were gently
rubbed and lightly mixed with the surface soil. The trays were
kept moist and monitored for 21 days. The trays were
maintained under a glasshouse condition and irrigated as
required. The average temperature, relative humidity, and light
intensity of the glass house during the experimental period were
22-27°C, 70%-85%, and 217-363 lum/ft.%, respectively. The
total emerged seedlings were counted to estimate the seed
viability and the speed with which feathertop Rhodes grass
seeds passed through the gut of sheep. The cumulative
seedling emergence (E.) in both years’ experiments were
calculated by using a formula: E. = e, + X (e - €;), where ¢
is the number of seedlings in first count, and e; is the number of
seedlings in count i. We were unable to extract the seeds from
the feces through sieving or washing due to the tiny seeds (0.39
mg 100 seeds™).

In March 2021, the above experiment was repeated with the
second subsample to validate the results obtained in 2020. An
additional control treatment was included where 300 seeds of
feathertop Rhodes grass were spread on a seedling tray under the
same glasshouse conditions in 2021. The total emerged seedlings
were counted in the same manner as described above.

Experimental design and statistical
analysis

A randomized complete block design was employed for the
germination and viability evaluation for experiment 1, where the
three shelves of the incubator were considered as a blocking
factor to minimize systemic errors. The R packages including
agricolae (De-Mendiburu 2021) were also used on R Core Team
(2022) for exploratory data analysis and data fitting in different
models. The normality and distribution of data was verified by a
Shapiro-Wilk normality test. The data variance was also
examined by plotting the residuals to confirm the
homogeneity of variance. The significant differences among
treatment means were identified by Tukey’s HSD (honestly
significant difference) at p<0.05.

Given that different populations were employed, and there
were some variations observed between years, the data from
2020 and 2021 were analyzed separately for experiment 1. Data
were analyzed using linear mixed models with the population,
treatment and interaction as fixed effects and the position within
the incubator as the random effect.
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A completely randomized design was employed with eight
replications (sheep) for experiment 2. Data were pooled from
two runs, as there was no time-by-treatment interaction as
determined by ANOVA. A Pearson correlation coefficient
value was calculated to see if there was any significant
correlation between the seedling emergence rate in 2020 and
2021 for experiment 2. The significant r-value indicated that
there was consistency between the 2020 and 2021 experiments.

Results

Experiment 1: Impact of silage, ruminal
digestion, and silage plus digestion

The silage dry matter content and pH value were 396 and
505 g kg! and 5.3 and 5.1 in 2020 and 2021, respectively. The
germinability of untreated (control) seeds varied significantly
(p<0.005) between the populations of feathertop Rhodes grass
(Table 2). Silage treatments resulted in 0% germination for two
and four populations tested in 2020 and 2021, respectively.
Additionally, in 2020, the digestion treatment reduced seed
germination and only 2%-10% of the seeds of feathertop
Rhodes grass were subsequently germinated.

The repeated study in 2021 showed that the recovered seed
of all 4 populations tested failed to germinate after digestion or
silage plus digestion. Compared to the untreated control, the
viability of the four populations was reduced by 65%-95%, 73%-
90%, and 80%-97% after silage, digestion, and silage plus
digestion, respectively (Table 2). The total number of viable
seeds significantly (p<0.005) differed between populations after
being exposed to the three different seed-damaging treatments.

There was no significant (p>0.005) difference in viability
between the three treatments (silage, digestion, and silage plus
digestion) (Figure 1) in 2021. On average, the seed viability of the
four populations declined by 72%, 70%, and 82% after silage,
digestion, and silage plus digestion, respectively.

Experiment 2: Seed viability after feeding
through sheep

The average amount of fresh feces of eight sheep from day 1
to day 12 is presented in Table 3. The fresh feces ranged from
695.25 to 968 g with an average of 789 g for days 1-12. During
fresh feces collection, it was noticed that there were no issues
with diet adaption with feathertop Rhodes grass in seven of the
eight sheep. Sheep number 4 suffered from diarrhea, and the
number of extracted feces was comparatively less than that of
other sheep.

We observed that seeds in the feces emerged 4 or 5 days
later than the untreated (control) seeds in 2021 (data not
shown). Most of the seedling emergence (58%-62%)
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TABLE 2 Seed germination and viability of four different populations of feathertop Rhodes grass after four different seed-damaging treatments.

Testing Population Control Silage Digestion Silage Plus Digestion
year
Germination Total Germination Total Germination Total Germination Total
(%) viable (%) viable (%) viable (%) viable
seeds (%) seeds(%) seeds (%) seeds (%)
2020 STURT/16-17 54 (+4.9)° 62 (+3.0)¢ 0* 11(£07)™ 10 (+3.61)° 15 (+ 1.5)° 0 6 (+0.33)°
HOLB 01/20 22 (+33)° 35 (+ 1.4)° 0? 11 (+0.6)™® 2(+12)° 08 (+ 1.8)° 2(+1)° 9 (+25)?
STURT/16-17 58 (+5.6)" 74 (+ 7.8)° 0* 5(+1.6)° 0* 23 (£3.1)° 0 3(+1.3)°
2021 HOLB 01/20 50 (+7.5)° 48 (+ 3.1)° 0? 35 (+0.6)¢ 0* 27 (+4.3)4 0 20 (+3.2)>
FELT 04/20 64 (+ 5.3)° 68 (+ 6.1) 0? 17 (+0.8) 0* 22 (+3.4) 0 17 (£2.3)%
MUTT 04/20 66 (+ 4.9)F 75 (+ 5.2) 0? 20 (+2.0)® 0* 10 (+ 2.4)° 0 10 ( +3.0)*®
Annual 64 (+8.0) 77 (+1.5) 0 19 (+32) 0 40 (+5.0) 0 10 (+ 2.6)

ryegrass

The data show mean value ( + standard error). The interaction between the population and treatment was significant in 2020 and 2021 (both p<0.05) and significant differences were
identified by Tukey’s HSD at p<0.05. Values within years with different superscript letters are significantly different. Annual ryegrass was included as a comparison as it previously showed
that germination and viability declined after silage, digestion, and silage plus digestion treatments.

occurred from the feces collected during the first 3 days after emerged seedlings from day 1 to day 12 was 38.00 in 2020
seed intake in both years (Table 3). There was still limited and 9.80 in 2021, which is estimated at a survival rate of 0.08%
seedling emergence from feces collected 12 days after feeding, and 0.022% in 2020 and 2021, respectively.
being less than 1% and 6% of the total seeds emerged in 2020 A correlation analysis showed (Figure 2) that there was a
and 2021, respectively. On average, the total number of significant (p<0.001) correlation (r = 0.82***) in the seedling
80- b
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FIGURE 1

Average seed viability of four populations of feathertop Rhodes grass in response to different seed treatments in 2021. Vertical bar shows mean
(+ standard error) of germination. Different letters show significant difference as identified by Tukey's HSD at p<0.05.
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TABLE 3 Average fresh feces (g) collected, the number of seedlings emerged/tray, and cumulative emergence (%) from day 1 to day 12.

Day after Feces (g)™° Average seedlings Cumulative emergence Average seedlings Cumulative emergence
feeding emerged/tray in 2020 (%) in 2020 emerged/tray in 2021 (%) in 2021
1 695.25 ( + 74.9) 87 (+13)° 23.0 34 (+12)° 346

2 67125 ( + 77.3) 9.0 (+2.6)° 47.0 1.7 (+0.9)° 51.9

3 727.50 ( + 98.5) 43 ( 13)® 58.0 1.0 (+07)® 62.1

4 791.87 ( + 95.6) 33 (+ 1.6 67.0 07 (+07)° 69.2

5 851.37 (% 96.5) 5.0 (+ 0.9 0.0 0.4 (+03)° 732

6 757.25 ( + 93.2) 12 (£ 1L1)™ 83.0 0.4 (+04)° 77.2

7 759.38 ( + 73.3) 2.0 (+03)° 88.0 0.3 (+04)° 80.2

8 968.13 ( + 69.7) 0.7 (+0.5)° 90.0 0.0 (% 0.0)° 80.2

9 789.25 ( + 70.9) 2.6 (+1.4)° 97.0 0.5 (+0.5)° 853

10 858.0 ( + 94.8) 0.6 ( +0.6)° 99.0 0.5 (+04)° 90.4

11 845.63 ( + 66.7) 0.1 (+0.1)° 99.3 03 (+0.1)° 93.4

12 757.75 ( + 37.3) 0.5 (+03)° 100 0.6 (+03)° 100

The data show mean value ( + standard error). Values in the same column with different letters are significantly different using Tukey’s HSD at p<0.05. Seedling emergence significantly

(p<0.05) varied between days after feces collection.
NS, Not Significant.

emergence pattern between the 2020 and 2021 experiments,
indicating that both experiments achieved consistent results.

In comparison, 53.4% of the seed in the control treatment
germinated in the trays under the same conditions. This showed
that sheep rendered more than 99.9% feathertop Rhodes grass
seeds unviable after passing through the digestive system.

Discussion

In our study, silage and digestion independently reduced
germinability and viability compared with untreated control

seeds for feathertop Rhodes grass, with the magnitude of the

reduction varying with populations and in some cases between
years. Our results were consistent with Piltz et al. (2017) who
found that both seed damage treatments (silage and digestion)
can significantly reduce the seed germinability and viability of a
range of grass weed species including barley grass (Hordeum
spp.), vulpia (Vulpia spp.), wild oat (Avena fauta), brome grass
(Bromus diandrus), and annual ryegrass. The causes of seed death
following ingestion by ruminant livestock are reasonably well
understood (Hogan and Phillips, 2011). The damage of seed
occurs during the digestive process in the rumen and the whole
digestive tract. The extent of damage also depends on the degree
of mastication, which varies between the species of an animal,
with seeds being more extensively damaged by sheep and goats
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FIGURE 2

Correlation between seedling emergence (%) in sheep-feeding trial (experiment 2) in 2020 and 2021 at different days after feces collection.

*** = highly significant.
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than by cattle (Simao Neto et al., 1987). However, the
mechanism(s) operating to reduce or eliminate seed viability
during silage are not yet clear. Silage is a lactic acid fermentation
process that is mainly used to preserve biomass and affects the
seed viability of some plant species (Piltz et al., 2017; Hahn et al,
2021; Piltz et al., 2021). Lactic acid is the strongest of silage acids,
and these acids are produced by this fermentation of plant sugars.
Several acids produced by the fermentation are affected by the
plant parameters such as forage dry matter content, water-soluble
carbohydrate, and buffering capacity during the ensiling process
(Miiller and Bauer, 2006; Piltz and Kaiser, 2004).

The seed viability loss of feathertop Rhodes grass under
silage varied between 65% and 95% dependent on populations in
our research. The differences between the studies (2020 vs. 2021)
of a population could be due to the possible effects of the
surrounding silage substrate and to different initial seed
qualities. The seed lot quality can vary strongly depending on
factors such as seed age, plant population, and storage
conditions (e.g., Hay and Probert, 2013; Weller et al., 2016;).
For example, the viability of our untreated seeds and the seed
size differed significantly between the populations of feathertop
Rhodes grass (Asaduzzaman et al., 2022). The specific
mechanisms by which a small proportion of seed of feathertop
Rhodes grass survived after silage are not yet clear. Our studies
suggest that a significant proportion of seed viability is reduced
due to silage, which can be a suitable control measure for
feathertop Rhodes grass. In addition to damaging seeds, silage
appeared to have weakened the seed vigor of feathertop Rhodes
grass as the proportion of germinable seeds to viable seeds was
reduced. We think that it is unlikely that these viable seeds will
develop into true or healthy seedlings. However, this assumption
was not determined in our current study. Furthermore, weed
seeds ensiled from pasture or crops during commercial
production would likely be less mature; therefore, the impact
from silage and digestion either alone or in combination on seed
viability is possibly far greater.

In our study, the effect of digestion on the seed germinability
and viability of feathertop Rhodes grass was almost the same as
the observed effect by silage (Figure 1). Similarly, Stanton et al.
(2002) in annual ryegrass who reported that 10.8% and 32.8% of
the seed ingested was excreted by sheep and cattle, respectively,
with 3.9% (sheep) and 11.9% (cattle) remaining germinable.
They concluded that additional strategies were required to
manage the excreted viable seeds. In our study, the impacts of
silage and digestion were more effective in reducing the seed
viability of feathertop Rhodes grass than annual ryegrass with
the exception of only one population (HOLB 01/20) tested in
2021. These data support the use of silage production and
grazing as part of an integrated control program for feathertop
Rhodes grass. Generally, the reduction in germinability and
viability following silage plus digestion was greater than for
silage or digestion alone, which is expected as each treatment will
potentially reduce seed integrity independently. The seeds of
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feathertop Rhodes grass are small with a thin seed coat;
therefore, the tiny embryo can be easily damaged. Other
studies have reported that generally, the seeds of grasses were
more susceptible to damage during ensiling and/or digestion
than the seeds of hard-seeded species (Blackshaw and Rode,
1991; Westerman et al., 2012; Hahn et al., 2021; Piltz et al., 2021).
Additionally, previous research found a longer period in silage
that resulted in a higher seed-killing efficacy (Waldo et al. 1973;
Mayer et al., 2000; van Eekeren et al., 2006; Trolove and Dowsett,
2015; Simard and Lambert-Beaudet, 2016). However, most
studies would indicate that 3 months of ensiling rendered
most seeds unviable, and this is consistent with our findings.

Similarly, damage to seed depends on the degree of
mastication, which varies between the species of animal, and
on the length of time the seed remains in the digestive tract.
Generally, the ability of excreted seed to germinate declines with
time in the tract, although the rate of decline varies between
plants species and animals (Hogan and Phillips, 2011). For
example, sheep and goats caused more extensive damage on
seed than by cattle (Simao Neto et al., 1987). Our study indicated
a clear peak in seed excretion between 1 and 12 days after
ingestion, with approximately 60% of viable seed recovered
during days 1-3. In the case of 2020, which had higher
numbers of excreted viable seed, there was 80% collection
during days 1-5. Seed viability percentages after ingestion
ranged from 0.022% to 0.084%. These percentages are lower
than those reported in other studies involving small ruminants.
For example, seed recovery percentages after ingestion were 0%-
28% (Yu et al., 2012) and 10.4%-23.0% (Manzano et al., 2005) in
sheep and 7.4%-17.4% in goats (Robles et al., 2005) for annual
grass species. One of the possible reasons for the relatively low
viability percentage in our studies is due to the small seed size
(only 0.39 mg 100 seeds™) of feathertop Rhodes grass, which, we
speculate, makes these seeds more prone to be damaged after
ingestion. Additionally, the digestive tracts of smaller animals
increase the likelihood of small seeds contacting the gut wall,
which can damage the seed by abrasion (Razanamandranto
et al., 2004). Additionally, Harvey (1981) used indirect
comparisons and suggested that sheep are more effective than
cattle in digesting seeds. However, we observed that some seeds
were still viable at 12 days postfeeding after passing through the
digestive tract. Consequently, some spread of viable seeds can
still occur for a prolonged period after ingestion, and practically,
farmers should monitor for the spread of feathertop Rhodes via
this means into other areas.

Conclusion and practical
implementation

Our study suggested that silage or digestion can significantly
reduce both the seed germination and viability of feathertop
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Rhodes grass. However, 5%-35% seeds of feathertop Rhodes
grass can remain viable after silage depending on the population.
The seed viability rate can be further reduced (by up to 90%) by
the combined eftect of silage plus digestion. Our research also
revealed that the seed viability of feathertop Rhodes grass was
reduced by feeding to sheep. Feeding to sheep reduced
germinable seeds from the initial 65% to less than 0.1% in
both studies. Approximately 60% of the germinable seeds were
excreted by the sheep during the first 3 days after feeding. The
seed viability of feathertop Rhodes grass was reduced by more
than 99.9% after feeding through sheep, indicating that the
spreading of feathertop Rhodes grass seeds through sheep
tracts is minimal. However, a low level of germinable seeds
(<10%) can still be detected at 12 days after feeding. Feathertop
Rhodes grass plants should not be allowed to grow to the mature
stage due to the massive seed production (Widderick et al,
2014). The light-weighted awny seeds can be spread by many
mechanisms such as animal hide, feet, wind, water, and
machinery. The use of sheep grazing should only be
performed prior to seed head emergence to reduce the risk of
potential spread. If sheep are suspected of having fed on mature
plants, then ideally, these sheep should be quarantined for a
week, which will allow more than 90% of seeds to be excreted.
Effective grazing prior to seed head emergence provides an
alternative to herbicides, thereby reducing selection pressure
for herbicide resistance. Grazing can also buy time for effective
control. For example, advanced weed plants under moisture
stress are often less responsive to herbicide application.
Therefore, grazing can keep stressed plants under control and
allow for the grazed plants to have an herbicide applied at a later
stage when the spraying conditions may be ideal for maximum
control efficacy. Ecological weed management aims to subject
weeds to multiple, temporally variable stresses, for which
Liecbman and Gallandt (1997) coined the term “many little
hammers.” Based on the results of our study, we claimed that
silage and digestion are an overlooked yet effective way to reduce
feathertop Rhodes grass seed loads in a sustainable manner. By
reducing the number and vigor of weed seeds, silage and
digestion can help exclude feathertop Rhodes grass as well as
other weeds from fields. The reduction of density and delaying of
emergence can reduce the interference with crop growth or
reproduction. Thus, silage and digestion or a combination of
both can be some of the “little hammers” in ecological weed
management in an integrated farming system.
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