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Navua sedge (Cyperus aromaticus) is threatening crops, pasture species and natural
ecosystems in Pacific Island countries and northern Queensland, Australia. To aid future
management efforts of this exotic invasive weed, research was conducted to understand
the soil seed bank dynamics of pastures invaded by Navua sedge. Six grazing properties
were chosen across two landscapes, coastal and inland/upland, with areas that had
Navua sedge infestations in Queensland, Australia. At each site, soil was collected from
two soil depths, 0-5 and 5-10 cm, and from plots with high and low infestation levels of
Navua sedge. It was observed that the soil seed bank dynamics varied significantly
between these study sites. Navua sedge was the dominant species in the soil seed bank
at all the sites contributing between 62% to 95% of the total seed bank, while pasture
seeds occupied only 3% to 24%. Broadleaf seeds were even lower in abundance,
showing between 2% to 13% of the total seed count. The abundance of Navua sedge
seed present in the soil was significantly correlated with the aboveground biomass of
Navua sedge (r=0.53, p=0.006), but no correlation was found with the infestation age of
Navua sedge. Based on this work, it is clear that the seed bank of Navua sedge is very
large and concentrated within the top 0-5 cm of the soil, with, 83% of total Navua sedge
seeds being in this layer. It was also noted that, although, high infestation plots had
significantly higher number of seeds than low infestation plots, more than 18,000 Navua
sedge seeds/m2 were still found in the 0-5 cm soil layer of plots regarded as low
infestation. We suggest that insights achieved from our soil seed bank study may be used
to devise management strategies to minimise the impact of Navua sedge weed in critical
grazing and agricultural areas.
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INTRODUCTION

Weed management is an important aspect of crop productivity
(Weisberger et al., 2019). Challenges faced in weed management are
constantly evolving due to changes in weed traits, such as the
challenge of herbicide resistance in some weeds, which necessitates
constant adaptation of management practices (Llewellyn et al.,
2016). Hence, understanding the biology and ecology of weeds is
critical for developing any weed management strategy (Hosseini
et al., 2014; Haring and Flessner, 2018). While the biological and
ecological research of several established weed species have
increased in recent years, there is still a lack of fundamental
information on several important emerging weed species,
including Navua sedge [Cyperus aromaticus (Ridley) Mattf. &
Kukenth (syn. Kyllinga polyphylla; Kyllinga aromatica)].

Navua sedge is a C4 perennial sedge found in tropical climates. A
native of equatorial Africa, this species has now been introduced
into many tropical countries around the globe including Vanuatu,
Samoa, Tahiti, Fiji, Sri Lanka, Malaysia, Solomon Islands, and
tropical north Australia (Karan, 1975; Black, 1984). This species
was introduced into the Cairns region of Queensland in Australia in
the 1970s and it is reported that after a relatively short lag time of 23
years its population exploded (Osunkoya et al., 2021; Shi et al.,
2021). Navua sedge is now a major biotic constraint to economic
production in various agricultural systems in tropical north
Queensland, Australia, including the dairy and beef industries and
cropping systems such as banana (Musa acuminata Colla),
sugarcane (Saccharum officinarum L.) and sweet potato (Ipomoea
batatas L.) (Chadha et al., 2021). Crop and pasture production have
been impacted by Navua sedge and it is also directly causing
reductions in dairy and beef production in affected regions (Shi
et al., 2021). Over 500 beef producers, dairy farmers and hay
producers in the Atherton Tableland region in Queensland are
affected by Navua sedge. It forms dense stands by strongly
competing with other species for light, water, space and nutrients
(Vitelli et al., 2010). Mechanical control options like crushing,
slashing and rotary hoeing are time-consuming, impractical, and
ineffective in large infestations (Vitelli et al., 2010). For chemical
control, only one herbicide, halosulfuron-methyl, a group 2,
acetolactate synthase inhibitor is registered for Navua sedge
control in Australia. However, a single herbicide application is not
enough to control this weed, and hence follow up treatments are
required on the regrowth before seed set and to drive down the soil
seed bank population (Vogler et al., 2015).

Soil seed banks are reserves of viable seeds found both in the soil
profile andon the surfaceof the surroundingarea (Liu et al., 2019).The
seed bank is composed of both new and old seeds that have been shed
and disseminated across landscapes and regions, and these serve as
pools of genetic material for future generations (Gandıá et al., 2022).
The traits preserved in this way contribute to future weed populations
by allowing seeds to bypass filters such as unfavourable environmental
conditions and weed management measures, and hence the soil seed
banksprovideseveralopportunities forweedstoestablishthemselves in
the plant populations (Booth and Swanton, 2002; Yang et al., 2021).
Examination of seed banks can reveal important insights about what
species may have been in previous standing vegetation in addition
to their function as a reservoir for future populations
Frontiers in Agronomy | www.frontiersin.org 2
(Ambrosio et al., 2004; Hopfensperger, 2007). Seed bank analysis can
reveal historical seed inputs that may not be visible in aboveground
vegetation due to environmental or competitive variables (Espeland
etal.,2010).Soil seedbanksareclassicallycharacterisedbytheir lifetime,
which isassessedbyhowlongan individual seedmaysurvive inaviable
state within them. Transient seedbanks are those where the seeds only
survive for a short time, and do not live past the second germination
seasonpostmaturity,whereas persistent seedbankshave seeds that can
survive beyond the second germination season andmore (Thompson,
2000). Weed species that form persistent seedbanks, like Navua sedge
are a concern for future weed management (Vitelli et al., 2010). The
largest source of soil seed banks is from established plants within the
vicinity. However, it is important to recognise that seeds, including
thoseofmanyweeds,maybedispersedintoanareabyprevailingwinds,
moving waters, feral or domestic animals, agricultural equipment, or
humans (Hussain et al., 2017; Mao et al., 2019). These types of seed
dispersal can influence the seedbankdiversity, and theirhorizontal and
vertical distributions, and thus their resemblance to the current and
previous aboveground vegetation patterns (Scott et al., 2010; Chauhan,
2012).Adding to this complexity is that the compositionanddensityof
the soil seed bank can vary both within and between sites (e.g.,
agricultural fields) depending on the land use and farming practices
(Koocheki et al., 2009; Chejara et al., 2012).

Many weed species in a community are regulated by their seed
bank dynamics. A better knowledge of their seed bank structure
(e.g., abundance, distribution and longevity) could aid in the
development of more effective weed management techniques
(Maclaren et al., 2020). A crucial step is to determine whether
removing aboveground materials and thus depleting the seed bank
is a feasible approach, in addition to establishing the timeline for
such management measures (Gioria and Osborne, 2010). A
promising tactic of Navua sedge management will be to deplete
the soil seed bank, and for such a tactic, a sound understanding of
the species’ seed bank dynamics is required. Given the importance
of this topic and the understanding that Navua sedge is currently
recognised as an increasingly problematic species, particularly in the
agricultural areas of tropical north Queensland (Osunkoya et al.,
2019; Shi et al., 2021), the objectives of this study were to:

1. Determine the soil seed bank composition of pasture lands
invaded by Navua sedge in varying sites and across different
landscapes in the coastal and upland regions of Far North
Queensland, Australia;

2. Establish the influence of time since infestation of Navua sedge
and the density of aboveground vegetation on the soil seed
bank dynamics of Navua sedge; and

3. Understand the spatial variation (in terms of both horizontal
and vertical distribution) of the seed bank of Navua sedge.
MATERIALS AND METHODS

Target Plant Description
Navua sedge is a clump-forming, creeping rhizomatous sedge
growing up to 1 m in height (occasionally up to 2 m), with
May 2022 | Volume 4 | Article 897417
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densely packed tillers. Lanceolate leaves are generally clustered at
the base of the plant with each leaf about 15 cm in length and 3-
5 mm in width (Shi et al., 2021). Five to eight leaf-like bracts
subtend the flowers at the apex of the tiller (Shi et al., 2021). An
irregular hemispheric to globose head with a central spike and
occasionally several smaller lateral spikes make up the
inflorescence (Mune, 1959; Shi et al., 2021). It is an aggressive
weed species capable of spreading both via seeds and rhizomes
(Vogler et al., 2015). It is a prolific seed producer, with each seed
head producing approximately 250 seeds and the plants are
capable of producing in excess of 450 million seeds/ha (Karan,
1975). The seeds are small and lightweight being easily dispersed
to short distances by wind (Shi et al., 2021). Seeds are also
dispersed by floodwaters, the hooves and digestive tract of cattle,
humans, and harvesting machinery (Chadha et al., 2021).
Vegetatively, it grows through the extension and fragmentation
of the rhizome system (Karan, 1975). Secondary buds are
responsible for producing new tillers, whereas the third bud is
important for branching the rhizome system (Karan, 1975). A
dense canopy is formed as new tillers keep on emerging from
the rhizomes.

Sites Description
The study was conducted in the pastures and grazing lands of
tropical north Queensland, Australia- a bioregion classified as
the wet tropics. Sample collections of soil and aboveground
vegetation were conducted in April 2021. Two landscapes
(coastal vs inland/upland) were chosen for this study, with site
selections being dependent on areas known to be invaded by
Navua sedge. The first was a coastal region of high temperature
and rainfall intensity, and the second area was an inland/upland
Frontiers in Agronomy | www.frontiersin.org 3
region of the Atherton tablelands, which experience
comparatively lower temperature and lower rainfall intensity.
In addition, three cattle grazing sites were selected in each of the
selected regions. In the coastal region, the sites were in Aloomba,
Babinda and Cowley, while those of the inland/upland region
were in Tarzali, Topaz and Atherton. Comprehensive
information on the location, land use, climate, grazing
intensity, probable time since Navua sedge infestation,
probable method of arrival of Navua sedge at the study sites,
aboveground major vegetation present and the soil physical
traits, are provided in Table 1.

Samples Collection
At each study site, topsoil within a randomly chosen area of
100 m x 100 m with visible Navua sedge infestations, were
sampled. Each site had five soil collection areas (replicates),
except for Aloomba and Tarzali sites which had six and four
replicates, respectively. Each sample collection area contained a
high infestation plot with an accompanying low to no infestation
plot (referred to as low infestation hereafter), ensuring that the
distance between the high and low infestation plots was no more
than 5 m. High and low infestation plots were chosen on the
basis of visual cover of Navua sedge in that area. In the high
infestation plots, Navua sedge visual cover ranged from 50-100%
in Aloomba, 50-85% in Babinda and Cowley, 60-80% in
Malanda, 60-75% in Topaz, and 35-70% in Atherton. In the
low infestation plots, Navua sedge visual cover ranged from 2-
20% in Aloomba, 0-10% in Babinda, 1-5% in Cowley, 0-3% in
Malanda and Topaz, and 0-5% in Atherton. Within each of the
high and low infestation plots, 1 m x 1 m quadrats were placed
on the ground for soil sampling; also, within each quadrat,
TABLE 1 | Description of the study sites at Aloomba, Babinda, Cowley, Tarzali, Topaz and Atherton in far north Queensland.

Site Location
co-ordinates

Annual
Rainfall
(mm)

Annual mean
maximum,

mean
minimum

temperature

Land use Grazing
Intensity

Time since
Navua
sedge

infestation

Reason of
Navua
sedge

infestation

Major Pasture
species present

Soil composition
(%)

Sand Silt Clay

Aloomba 17° 09’ 03.9’’S,
145° 51’ 00.4’’ E

3244 29.7°C, 21.2°
C

Cattle grazing 0.6 cattle
cattle/ha

10 years Movement
of cattle

Brachiaria humidicola
(Humidicola grass)

53.2 26.6 24.2

Babinda 17° 16’ 34.44’’S,
145° 57’ 21.51’’ E

3960 28.5°C, 19.9°
C

Cattle grazing Currently
not grazed

15 years Not known Brachiaria humidicola
and Brachiaria
decumbens (Signal
grass)

61 16.5 24.7

Cowley 17° 41’ 49.6’’ S
146° 3’ 34.6’’ E

2911 28.5°C, 20°C Cattle grazing
(next to a
sugarcane farm)

5 cattle/ha 17 years From the
road due to
slashing

Brachiaria humidicola &
Brachiaria decumbens

67.5 17.9 18.7

Tarzali 17° 23’ 46.88’’S,
145° 38’ 01.86’’ E

1511 28.1°C, 17.1°
C

Cattle grazing 1 cattle/ha 6 years From the
river via
cattle

Brachiaria decumbens
& Setaria sphacelate
(South African Pigeon
grass)

27.7 32 40.4

Topaz 17° 26’ 25.0’’S
145° 43’ 06.3’’ E

3744 28.3°C, 20.6°
C

Cattle grazing 0.3 adult
equivalent/
ha

20 years From the
road due to
slashing

Brachiaria decumbens
& Setaria sphacelata

68.8 14.3 17.8

Atherton 17° 18’ 49.0’’S,
145° 28’ 04.8’’ E

1435 28.1°C, 17.1°
C

Cattle grazing (Dry
sclerophyll forest
with Eucalyptus
trees)

1 adult
equivalent/
ha

25 years Slashing
and
movement
of vehicles

Brachiaria decumbens
& Setaria sphacelata

52.5 30.3 19.1
May 2022 | Volume
 4 | Art
icle 89
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another smaller quadrat area of 0.5 m x 0.5 m dimension was
selected and marked for vegetation sampling and measurements.
The plant species present and their % cover were recorded in the
smaller quadrats. The entire mass of aboveground vegetation in
each of the smaller plot was then clipped and placed in labelled
paper bags for biomass measurement later in the laboratory.
Thereafter, the soil samples were collected using a handheld soil
corer (7 cm in diameter 5 cm deep). For each 1 m x 1 m quadrat
plot, one sample was taken from each corner, and one was taken
from the centre of the quadrat; the resulting five soil cores per
plot were then pooled into a single bag to make a composite
sample. To quantify the vertical distribution of seeds, soil
samples were collected from two depths, 0-5 cm and 5-10 cm
using the same sampling pattern described above.

For measurement of the soil particle composition, another
five soil cores measuring 7 cm diameter and 5 cm depth were
collected from each of the 1 m x 1 m quadrat (again one from
each corner and one from the centre of the plot, but not where
soils were sampled to study the soil seed bank) and pooled to
make a composite sample. The soils were transported to the
laboratory where they were sieved through a < 0.2 cm fine mesh
screen to remove any fine roots and rhizomes prior to
composition analysis. Hydrometer test was employed to
determine the amount of sand, silt and clay in the soil. All
analyses were conducted in a NATA (National Association of
Testing Authorities) accredited soil laboratory, Australia. To
ensure that the results were accurate and repeatable, a
maximum of 10% variation within sample results was required
before adding them to the data bank.

Biomass Measurement
The plants collected from the smaller inner plots (0.5 m x 0.5 m)
were brought into the lab and separated into Navua sedge, pasture
and broadleaf species. Navua sedge tillers were counted and
recorded. The fresh weights of Navua sedge, pasture and broadleaf
species were first recorded, then the samples were dried in an oven at
90°C for 72 hours to constant weight for estimation of dry biomass.

Seed Bank Measurement
The seed bank emergence study was conducted in the glasshouse
at Federation University, Victoria Australia at the Mount Helen
campus (37°37’41.4”S, 143°53’26.4”E) from April 2021 to
December 2021. The glasshouse was maintained at day
temperatures of 27°C to 32°C, and night temperatures of 18°C
to 23°C, with the relative humidity > 80%.

An estimation of the magnitude of the seed bank was obtained
using the ‘emergence’ method in the glasshouse. Each composite
sample was thoroughly mixed and then spread to a depth of 1.5 to
2 cm over a 2 cm deep layer of sterilised river sand on a plastic
seedling tray measuring 33 cm in length and 27 cm in width lined
with paper towels. The trays containing soil were watered once
daily for ten minutes using the automatic watering system to
reduce any water stress. The trays were monitored weekly for
seedling emergence. The seedlings that emerged at the end of
each month were counted, identified either as Navua sedge,
pasture or broadleaf species, and then removed thereafter. The
plants that could not be identified at the seedling stage were
Frontiers in Agronomy | www.frontiersin.org 4
removed and potted into separate pots to grow until they could be
taxonomically identified. Two control trays were placed among
the experimental trays, only filled with sterilised river sand to
monitor any seedlings that might come from either the sterilised
soil or from the glasshouse environment. After seven months of
treatment, the soil was left to dry for a further two-week period
without watering. Thereafter, the soil was then disturbed to make
sure that any potential emergence of plant seedlings was not
inhibited due to burial depth of the seeds. The trays were then re-
watered daily, and seedling emergence counted at the end of the
month. Finally, the total (cumulative) number of seedlings which
emerged was converted to the number of seeds/m2 (i.e., density
per unit area).
Statistical Analyses
The effect of landscape, site, infestation level and soil depth on
the abundance of seeds of Navua sedge, pasture, and broadleaf
species present in the soil were analysed by Multi-way ANOVA.
Linear models were conducted to investigate the main effects of
landscape type (coastal vs inland/upland), sites, infestation level
(high infestation vs low infestation) and the depth of soil (0-5 cm
vs 5-10 cm), in addition to their two- and three-way interactions.
Where there were significant main and interaction effects,
differences between levels within a given factor were further
separated using Tukey’s post-hoc and/or Bonferroni adjustments
procedures. All assumptions were checked by investigating the
normality and spread of the residuals, and no violation of
parametric analyses was observed in the abundance data
collected. All statistical analyses were performed using SPSS
Statistics, version 27 (IBM, New York, United States).
RESULTS

Overall, across all the sites and over the eight months of seedling
emergence from the soil, Navua sedge seeds dominated the soil
seed bank, comprising 95%, 88%, 62%, 76%, 88% and 70% of the
total soil seed bank at Aloomba, Babinda, Cowley, Tarzali, Topaz
and Atherton, respectively. Significant effects of site, infestation
level, soil depth and interaction effect of site * infestation level
and site * soil depth were observed for abundance of Navua sedge
seeds (Table 2). Averaged across both high and low infestation
plots and 0-5 cm and 5-10 cm soil depths, the highest numbers of
Navua sedge seeds were found at the Topaz (15,711 ± 3460 seeds/
m2) and Babinda (14,907 ± 2227 seeds/m2) sites, and the lowest
detected were at the Atherton (7,582 ± 1610 seeds/m2) and
Tarzali (8,114 ± 2103 seeds/m2) sites (Figure 1). No seedlings
emerged from the control trays.

Site, soil depth and their interaction had a significant effect on
the abundance of pasture seeds present in the soil samples (Table 2).
High variation was found between sites in the abundance of pasture
seeds present (Figure 1). Out of all sites, Cowley (a coastal site) had
a significantly higher number of pasture seeds (5,031 ± 910 seeds/
m2) compared to all other sites (Figure 1). Of the threemain factors,
only ‘site’ had a significant effect on the abundance of broadleaf
seeds present in the soil (Table 2). Although Cowley had the highest
May 2022 | Volume 4 | Article 897417
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number of broadleaf seeds at 2,780 ± 593 seeds/m2, its abundance
was similar to that of Topaz (an inland/upland site) and Babinda
which had 1,674 ± 420 and 1,580 ± 312 seeds/m2, respectively
(Figure 1). At any given time, a higher proportion of Navua sedge
emerged from the soil compared to both pasture and broadleaf
species in both 0-5 cm and 5-10 cm soil depth (Figure 2). Navua
sedge and broadleaf species had the highest emergence in the first
month, whereas pasture species had the highest emergence in the
fifth month in both the soil depths (Figure 2).

Overall, only a marginal effect of landscape was observed on
the abundance of Navua sedge seeds present in the soil
(p = 0.065). However, infestation level and soil depth had
highly significant effects on the abundance of Navua sedge
seeds present in the soil (p < 0.001) (Table 2). No significant
interaction was observed between landscape and infestation
levels, nor between landscape and soil depth. However, a
significant interaction (p = 0.03) was observed between the
infestation level and soil depth, suggesting that soil depth effect
Frontiers in Agronomy | www.frontiersin.org 5
on Navua sedge seed-soil abundance varied between the two
infestation levels (Table 2). No significant interaction was found
for the three-way interaction between landscape, infestation level
and the soil depth (p = 0.172) (Table 2), implying consistency in
the dynamics of seed abundance in the soil irrespective of
landscape and soil depth. This suggests that, notwithstanding
the landscape, infestation level or the type of site, Navua sedge
seeds are consistently more abundant in topsoil (0-5 cm)
compared to the lower depth (5-10 cm). As shown in
Figure 3, the highest number of Navua sedge seeds were found
in the top 0-5 cm of the soil in the high infestation plots with
22,883 ± 1,828 seeds/m2 averaged across all the sites. There were
more Navua sedge seeds in the 0-5 cm (topsoil) of the high
infestation plots compared to the same depth of the low
infestation plots (Figure 3). In contrast, there was no
significant difference in the amount of Navua sedge seeds
found in the 5-10 cm soil layer between the high and low
infestation levels (Figure 3). When compared between the two
FIGURE 1 | Abundance of Navua sedge (blue), pasture (orange) and broadleaf (grey) seeds/m2 in all the sites (mean ± standard error). Aloomba, Babinda and
Cowley are coastal sites, while Tarzali, Topaz and Atherton are inland/upland sites. N= 4-6 plots per site; Abundance of seeds present is averaged across both the
high and low infestation plots and the 0-5 cm and 5-10 cm soil profile. Same letters for each category of seeds indicate means are not statistically different at
p < 0.05 when tested with Tukey’s HSD test.
TABLE 2 | Summary of ANOVA for all main effects and their interaction investigated from the mixed models for Navua sedge, pasture and broadleaf seeds present in the soil.

Source of variation Seed bank component

df Navua sedge seeds Pasture seeds Broadleaf seeds

F-ratio p-value F-ratio p-value F-ratio p-value

Landscape 1 3.460 0.065 0.148 0.702 2.006 0.159
Site 5 6.833 <0.001 28.161 <0.001 7.568 <0.001
Infestation level 1 11.585 <0.001 0.004 0.952 0.986 0.323
Soil depth 1 163.934 <0.001 32.203 <0.001 1.504 0.223
Landscape * infestation level 1 3.409 0.067 0.172 0.679 0.390 0.533
Landscape * soil depth 1 0.046 0.830 0.345 0.558 0.149 0.700
Infestation level * soil depth 1 4.761 0.031 0.189 0.664 0.813 0.370
Site * infestation level 5 2.391 0.043 0.289 0.918 0.456 0.808
Site * soil depth 5 3.262 0.009 7.749 <0.001 0.109 0.990
Landscape * infestation level * soil depth 5 1.888 0.172 0.000 0.993 0.452 0.503
Site * infestation level * soil depth 1 1.346 0.252 0.230 0.949 0.305 0.909
May 2022 |
 Volume 4 | Article
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soil layers, significant differences in the amount of Navua sedge
seeds present in the soil were detected between the 0-5 cm and 5-
10 cm soil depths in both the high and low infestation
plots (Figure 3).

A significant interaction was observed between site and
infestation level (p = 0.043), and between site and soil depth
(p = 0.009) (Table 2). Figure 4 provides a breakdown of the
abundance of Navua sedge seeds present in the soil in both the 0-
5 and 5-10 cm soil layers, and in both the high and low
infestation plots, for each of the six study sites. The highest
number of Navua sedge seeds was present in the 0-5 cm soil layer
in the high infestation plots of the Topaz site, with 36,483 ± 4,537
seeds/m2. Compared with all other sites, Tarzali had the lowest
number of Navua sedge seeds in the low infestation plots in both
soil depths with 8,263 ± 1,916 seeds/m2 in the 0-5 cm soil layer
and 1,221 ± 195 seeds/m2 in the 5-10 cm soil layer (Figure 4).
When comparing sites, Tarzali and Topaz had significantly
higher abundance of Navua sedge seeds present in the high
infestation plots compared to the low infestation plots. In
contrast, there was no significant difference in the abundance
of Navua sedge seeds present in the soil in the high and low
infestation plots in all the other sites (Figure 4).

The abundance of Navua sedge seeds in the soil was
significantly positively correlated with (i) the abundance of
broadleaf seeds in soil (r = 0.2; P = 0.03); (ii) aboveground
Frontiers in Agronomy | www.frontiersin.org 6
biomass of Navua sedge (r = 0.53; P = 0.006; Figure 5); and (iii)
the proportion of sand in the soil (r = 0.34; P = 0.009); and was
negatively correlated with silt proportion (r = -0.39; P = 0.002) of
the soil (Table 3). The positive correlation between the
abundance of Navua sedge seeds in soil with that of
aboveground biomass of Navua sedge is mainly driven by two
A

B

FIGURE 2 | Monthly emergence of Navua sedge (blue), pasture (orange) and broadleaf (grey) seeds/m2 averaged across all the sites (mean ± standard error) in (A)
0-5 cm of the soil and (B) 5-10 cm of the soil.
FIGURE 3 | Navua sedge seeds/m2 present in the 0-5 cm and 5-10 cm soil
profile in high and low infestation plots. N= 4-6 plots per site; Data has been
combined across all six sites. The same letters within each infestation level
indicates no significant difference at p < 0.05. The same numbers within each
soil layer indicates no significant difference at p < 0.05.
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sites in the inland/upland region (Topaz: r = 0.78, p = 0.007;
Tarzali: r = 0.84, p = 0.009) (Figure 5). No significant correlation
was observed between the abundance of Navua sedge seeds
present in the soil and the time since infestation by the Navua
sedge weed (p = 0.799) (Table 3).
DISCUSSION

While a diverse number of species typically constitute the soil
seed bank in any landscape, a larger proportion (70-90%) of the
assemblage is usually composed of a few dominant species, and
hence these are often the primary cause of concern where such
species are invasive (Wilson, 1988; Roham et al., 2014). We
observed that Navua sedge has a large and persistent reserve of
seeds in the soil in the sites examined in this study. These seeds,
like many other small-seeded species measure ̴ 1 mm in length
by 0.75 mm in width, with an average weight of 100 seeds being
25 ± 0.1 mg. As a consequence, they are easy to incorporate into
the spaces (pores) between soil particles like many other small-
seeded species (Rejmánek, 2000).
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The relatively low number of pasture seeds in the soil seed
bank of all sites could be due to the fact that these were all grazing
sites where cattle preferred pasture over Navua sedge. The
pasture species are therefore often given minimal chance to
grow to reproductive maturity and produce seeds. This is
consistent with other studies, where in most cases, weed-
infested plots often have lower assemblage of pasture and
broad leaf species (Gioria and Osborne, 2009; Nigatu et al.,
2010; Nguyen et al., 2017). The short life span of pasture seeds
may also contribute to their low numbers in the soil seed bank
(Dantas-Junior et al., 2018). In addition, most pasture grasses are
usually perennial which could prioritise vegetative growth over
seed production. It is noteworthy that the soil was collected only
once, during the month of April which is the time when the
pasture plants start to produce seeds in tropical north
Queensland. Hence, to improve the accuracy of soil seedbank
estimations in pastures infested by Navua sedge, more frequent
sampling of these soils across seasons may be required
(Osunkoya et al., 2013).

Although the high infestation plots have significantly higher
numbers of seeds in the 0-5 cm of soil layer compared with low
infestation plots, a large number of Navua sedge seeds (> 16,000
seeds/m2) were present in the low infestation plots (Figure 3).
This observation suggests that the absence of Navua sedge plants
in a particular standing vegetation may not necessarily reflect its
absence in the soil seed bank as there may still be a significant
possibility of recruitment of Navua sedge seeds into the soil in
such habitats if conditions are conducive (Gioria et al., 2014;
Garcıá et al., 2021). Lateral soil movement and/or dispersal of
seeds may contribute to the presence of seeds of Navua sedge in
the soils in weed free plots or low-weed areas. As our investigated
sites are pasture lands open to continuous cattle movement while
being grazed, it is likely that Navua sedge seeds may have been
dispersed through cattle movement and faecal excretion of
ingested seeds into weed free areas, some of which may easily
get incorporated into the soil (Chadha et al., 2021).

The levels of Navua sedge seed density in the two soil depths,
0-5 cm and 5-10 cm, were significantly different with 83% of the
total Navua sedge seeds present in the top 0-5 cm soil depth
FIGURE 4 | Navua sedge seeds/m2 present (mean ± standard error) in the
upper (0-5 cm) and lower (5-10 cm) soil depths in high and low infestation
plots in each of the study site. Aloomba, Babinda and Cowley are coastal
sites and Tarzali, Topaz and Atherton are inland/upland sites. N= 4-6 plots
per site per infestation level per soil depth.
FIGURE 5 | Relationship between number of Navua sedge seeds present in the soil and aboveground biomass of the weed (y=1.62E4+1.98E2*x). N= 4-6 plots per
site; For each of the site, data has been pooled across both high and low infestation plots and 0-5 and 5-10 cm soil depths.
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(Figure 2). This difference in the amount of Navua sedge seeds
present was found across both the high and low infestation plots.
Similar to our findings, Vitelli et al. (2010) reported similar
declines in seed density with soil depth, with 55% of the total
Navua sedge seeds found in the top 2 cm of the soil. Other studies
have also found highest densities of seeds of Cyperus species in
the upper (0-10 cm) soil depth (Roham et al., 2014; Srivastava
and Singh, 2014; Khanghahi et al., 2019). Small seeds are typical
for the genera Cyperus, which are more likely to be buried and
thus contribute to a persistent seed bank (Leck and Schütz,
2005). The maximum densities of weed seeds are also found in
the 0-5 cm layer of the soil in cropping systems (Thompson et al.,
1997; Hosseini et al., 2014; Singh et al., 2015). The spatial
distribution of Navua sedge seeds in the soil seed bank could
inform specific management strategies required (Bhowmik,
1997; Mall and Singh, 2014). As Navua sedge seeds require
light for germination and do not emerge when buried deeper
than 2 cm, the soil seed bank can potentially be manipulated
through tillage at certain intensities (Chadha et al., 2021). The
weed seed bank can reduce in abundance by encouraging
germination of buried seeds via surface tillage that tend to
bring Navua sedge seeds to the surface, or by using more
intense tillage that can bury the seeds deep enough to prevent
them from emerging. However, the persistent nature of the seeds
should be considered when burying the seeds deeper than 2 cm
as more than 30% seeds remain viable after 5 years (Vitelli
et al., 2010).

Although a positive correlation was observed between the
aboveground biomass of Navua sedge and the number of Navua
sedge seeds present in the soil (Figure 5), disturbances and
environmental conditions can affect the relationship between
below and above ground vegetation (Scott et al., 2010; Garcıá
et al., 2021). The highest amount of aboveground Navua sedge
biomass was present in the high infestation plot at Babinda, but
the site did not have the highest number of Navua sedge seeds in
the soil (Figure 4). In contrast, Topaz site had the least number
of aboveground biomass of the weed but the amount of Navua
sedge seeds present in the soil was the highest. High aboveground
biomass of Navua sedge present at the Babinda site could be due
to the site not being grazed around the time of survey (Table 1),
whereas all the other sites were currently grazed pastures.
Although, Navua sedge is not readily palatable and is not
usually grazed due to its low nutritional value, it can be
consumed by cattle if there is a lack of other palatable species
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(Kerr et al., 1995). This could be an important reason for the lack
of relationship found between the aboveground biomass of
Navua sedge and the amount of Navua sedge seeds present in
the soil at some of the sites. Also, increased competition from
grasses may reduce the biomass of Navua sedge (Soni, 2019).

No correlation was observed between seed bank abundance of
Navua sedge and the time since the weed’s infestation. Incorrect
estimation of infestation age provided by the farmers may be a
contributing factor to the lack of relationship observed, as small
infestations in the farms could have gone unnoticed for years.
However, we would expect that as an invasion progresses,
changes in the aboveground vegetation’s composition will have
a greater impact on the seed bank, with overall effects on the
vegetation being additive or even multiplicative over time (Gioria
and Osborne, 2010). The size of a species’ seed bank is typically
proportional to the period of time it has been present in the soil
seed bank. Thus, in the long run, in the absence of (or where
there is lower) recruitment of seeds from the vegetation,
considerable changes in the seed bank will occur, even for
persistent weed species due to natural seed senescence,
predation and probable changes in the viability of seeds
present in the seed bank (Marchante et al., 2011; González-
Muñoz et al., 2012). Ideally, fine soil particles like clay impede the
availability of oxygen and the elimination of toxic fermentative
metabolites evoked by hypoxia, thus providing a more favourable
environment to extend seed longevity of buried seeds (Bailly,
2004; Wiebach et al., 2020; Benvenuti and Mazzoncini, 2021).
However, we have found contrary results in our study, with a
significant positive correlation between the abundance of Navua
sedge seeds and sand content in the soil (Table 3). This could be
due to reduced water holding capacity of the soil with increasing
sand content (Libohova et al., 2018), and hence affording greater
opportunity for trapped seeds to remain viable for a longer time.

In theory, soil seed banks of weed species can be depleted by
preventing or severely reducing the addition of seeds to the seed
bank, increasing seed mortality, and by management strategies
that give favourable environment to germinate the existing seeds
in the soil (Buhler et al., 1997; Gulden and Shirtliffe, 2009). In
this regard, weed seed production needs to fall below the
seedbank replacement value to ensure overall reduction in the
soil seed bank (Schwartz-Lazaro and Copes, 2019). In practice,
however, managing the soil seed bank of Navua sedge is complex
due to multiple reasons. It is difficult to prevent the addition of
new seeds as Navua sedge, being a rhizomatous plant, has new
TABLE 3 | Pearson’s correlation coefficients (r) for correlation of the amount of Navua sedge seeds present in the soil.

Bivariate relationship Pearson Correlation value (r) p-value N

Navua sedge soil seed bank vs. Navua sedge infestation age 0.024 0.799 120
Navua sedge soil seed bank vs. pasture seeds abundance 0.169 0.065 120
Navua sedge soil seed bank vs. broadleaf seeds abundance 0.199* 0.029 120
Navua sedge soil seed bank vs. aboveground biomass of Navua sedge 0.532** 0.006 60
Navua sedge soil seed bank vs aboveground biomass of pasture 0.127 0.332 60
Navua sedge soil seed bank vs. aboveground biomass of broadleaf 0.09 0.479 60
Navua sedge soil seed bank vs. sand % in the soil 0.336** 0.009 59
Navua sedge soil seed bank vs. silt % in the soil -0.394** 0.002 59
Navua sedge soil seed bank vs. clay % in the soil -0.185 0.16 59
May 2022
 | Volume 4 | Article 897
Data have been pooled across all six sites. Significant correlations are shown by bold font and asterisks (**p < 0.001; *p < 0.05).
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growth continuously occurring from its rhizome which can
subsequently add to the seed bank (Karan, 1975). Another
reason is the remarkable persistency of seed banks formed by
Navua sedge; it has been found in depletion studies, that nearly
30% of its seeds are still viable after five years (Vitelli et al., 2010).
Also, the extraordinary high potential of seed production aids in
the difficulty of reducing its seed bank. Ecological study
conducted by Vitelli et al. (2010) has shown that a dense stand
of Navua sedge (200 plants/m2) may contain seed bank densities
of around 56,700 viable seeds/m2. Hence, it may be more
practical to accept the soil seed bank of Navua sedge as part of
the environment and devise management strategies to reduce
germination from or maintain dormancy of its soil seed bank,
rather than attempt to eliminate it. It will also be beneficial to
develop models of the weed’s aboveground threshold level
(abundance or biomass) below which its impact on natural
ecosystem or crop/pasture yield is either zero to minimal
(Panetta et al., 2019; Schwartz-Lazaro and Copes, 2019).

It is now widely recognised that Navua sedge exhibits intrinsic
reproductive traits that aid its invasive potential, including:
(i) comparatively rapid growth (A. Chadha, unpublished data),
(ii) prolonged and often extended flowering period, provided
growth conditions are favourable, (iii) the ability to form
vegetative buds on the rhizome (Karan, 1975), (iv) significantly
high fecundity (Vitelli et al., 2010), high germination rates
(Chadha et al., 2021), (vi) a lack of primary dormancy in seed
(Chadha et al., 2021) and (vii) long seed life (Vitelli et al., 2010).
It is recommended that these attributes should be the targets of
management strategies for Navua sedge. Plants like Navua sedge
which produces a high number of seeds with long term viability
may undergo rapid range expansion and create problems for
seedbank management long after the aboveground biomass has
been removed (D’Antonio and Meyerson, 2002; King, 2011). As
a consequence, future studies should strive to understand the soil
seed bank dynamics of Navua sedge in other cropping systems
such as sugar cane and banana farms and across more varying
landscapes, such as riparian zones, roadsides, etc in order to
create site focussed management practices.

The seedling emergence method as used in this study provides
a reliable indication of the size of the rapidly germinable seed
bank, but it does not provide a comprehensive assessment of the
overall seed bank flora unless the soil sample is kept at the
simulated habitat environments for extended periods of time
(Thompson and Grime, 1979). Although the seed extraction
method often provides a better estimate than the seedling
emergence method (Bernhardt et al., 2008; Hussain et al.,
2017), it is very laborious and ineffective at finding small seeds
such as that of Navua sedge. It could also overestimate seed
abundance due to the inclusion of non-viable seeds (Thompson
et al., 1997; Baskin and Baskin, 1998). Hence, the approach in the
present study of observing seedling emergence for eight months
during which germination asymptotes (in terms of cumulative
seedling emerging) were reached indicates that the methodology
gives a good estimate of comparative (rather than absolute)
abundance of seeds buried in the soil.
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Other barriers to this study included not having adequate or
verified information from local farmers on the actual time of the
weed’s invasion, which was a research shortcoming that could
not be avoided. Also, it can be assumed that dormancy of all seed
of all plant species in the soil would not have been broken as only
two factors, temperature and moisture, were used to stimulate
germination in the glasshouse.
CONCLUSION

The influence of time of collection (season or year) cannot be
discounted not to have a major influence on plant dynamics,
including the soil seed bank. Thus, more studies of differing
seasons should be encouraged. Nonetheless, there is a strong
signal that our findings are robust and can be generalised as data
collected in this present work came from multiple sites (six), and
seed bank patterns obtained per site and/or landscape were
reasonably consistent in terms of major factors investigated
(infestation level, soil depth and species group identity).

The study has demonstrated significant variations in the seed
bank flora in six grazing lands of tropical north Queensland that
are experiencing Navua sedge infestations. However, it was
shown that landscape effects (coastal vs inland/upland) were
minimal despite differences in their long-term climate scenarios,
implying that there are similar dynamics operating for the weed
across differing landscapes, and, by implication, similar
management tactics are likely to be successful for this weed.
Navua sedge was the dominant species in the soil seed bank at all
the sites contributing between 62% to 95% of the total seed bank.
In most cases, within a given site, a greater abundance of seeds of
the weed occurred in densely infested plots relative to low/weed-
free areas, and was mostly found in the topsoil layer of 0-5 cm.
The abundance of Navua sedge seed present in the soil was
significantly correlated with the aboveground biomass of Navua
sedge. However, no correlation was observed between the
amount of Navua sedge seeds present in the soil and the
infestation age of Navua sedge.

The high number of Navua sedge seeds in the soil suggests
that continuous management is required even without further
input of seeds to deplete the soil seed bank. The results obtained
from this study will serve as important baseline work necessary
for improving our understanding of the soil seed bank of Navua
sedge. Understanding the changes in the soil seed bank
community of invaded pastures is essential in designing
effective management programs for Navua sedge. Management
strategies for Navua sedge should take into account not only the
control of above ground foliage but also the soil stored seed and
bud banks.
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