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Abstract

Riverdikes are habitats that must be revegetated quickly in order to prevent soil erosion. With in-
creasing pressure to improve the cost efficiency of management, new revegetation techniques
suitable under reduced mowing frequencies are required. Imperata cylindrica (L.) P. Beauv. is an
important component of grasslands in several Asian countries. Its vigorous rhizome elongation
should be useful for quickly covering bare ground. We tested the effects of sowing (at two densi-
ties), transplanting, and sodding of I. cylindrica on plant cover and species richness of established
vegetation over 3 years. The sodding and high-density sowing treatments achieved the most rapid
increase in cover, followed by low-density sowing, transplanting, and the control. By year 2, how-
ever, the cover in the low- and high-density sowing treatments was similar. The sodding treatment
had significantly fewer species than the other treatments in year 1. Between years 1 and 2 and
years 2 and 3, the total number of species increased in the transplanting treatment, whereas it
decreased in the sodding and two sowing treatments. Accordingly, if stabilization and erosion
control are the priority, introduction of I. cylindrica using sod and high-density sowing is the most
suitable method. If immediate green-up is not imperative, low-density sowing is likely to provide
available resources for new seedlings of diverse species to become established, allowing the in-
troduction of representative species in semi-natural grasslands. More research will be needed on
the effects of introducing diverse species (e.g., sowing seed mixtures) that include I. cylindrica on
the resulting floristic composition.
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1. Introduction

Across the world, large areas of native vegetation have been removed for urban, industrial, and agricultural land
uses. Destruction of vegetation may increase soil erosion and undermine stability, and revegetation is essential
for stabilizing such disturbed areas. Artificially revegetated sites were traditionally fertilized, mulched, and
seeded with non-native grasses and legumes selected for rapid growth and effectiveness in erosion control
[1]-[4]. In recent years, however, native species have been preferred for revegetation measures in order to pre-
vent the spread of ecologically harmful invasive species and to improve ecological functions [5]-[8].

Riverdikes must be quickly revegetated to prevent soil erosion, as the collapse of dikes is directly associated
with severe flooding. In Japan and South Korea, riverdikes were traditionally revegetated with grass species that
were managed by mowing [9] [10]. Some means of improving the cost efficiency of managing riverdikes in-
clude reducing the frequency of mowing and replacing short-grass monocultures with taller species [11]. The
taller species generally have lower ability to prevent soil erosion [12]. To date, revegetation methods that are
suitable to reduce soil erosion under reduced mowing frequencies have rarely been developed.

Grasslands dominated by Imperata cylindrica (L.) P. Beauv. are important components of native ecosystems
that support endangered species in some regions, such as Nepal [13], Australia [14], and Japan [15]. At the same
time, 1. cylindrica is one of the most cosmopolitan grass species: it grows throughout the warm temperate and
tropical regions of the world [16]. It is a highly invasive perennial grass that threatens agriculture, forestry, and
native plant species assemblages in many regions of the world [16]. Rhizomes can comprise over 60% of the to-
tal plant biomass of I. cylindrica [17]; this low ratio of shoots and roots to rhizomes contributes to its rapid re-
growth after cutting, especially in disturbed habitats. Studies have indicated that its adaption to poor soils, its
drought tolerance, and its prolific production of wind-dispersed seed are associated with the dominance and
spread of this species [18]-[20].

Because of its vigorous lateral spread via rhizome elongation and its adaptability to a wide range of environ-
ments, researchers have proposed that I. cylindrica should be useful for quickly covering bare ground [9] [21].
Based on this proposal, artificial sod consisting of I. cylindrica has been developed. This sod was reported to
cover bare ground successfully and at high density even in the first year of introduction [22]. Other revegetation
techniques using 1. cylindrica seeds and planted soil plugs (i.e., both the grass and some soil) have also been
developed [21]. In order to revegetate bare ground as rapidly as possible, revegetation techniques that can pro-
tect the soil should be developed; however, no scientific study has yet compared the speed of coverage by I. cy-
lindrica among the various available methods. Chigaya-Sougen-Soushutu-Kenkyukai [23] reported revegetation
techniques using I. cylindrica, yet little empirical data with enough replications was shown.

Regeneration of introduced species tends to be hampered by competition from undesirable species that often
invade revegetated areas, rather than by poor germination [24]. If undesirable species increase beyond a thre-
shold, they could shade out I. cylindrica, thereby preventing 1. cylindrica from becoming dominant [25] [26].
Competitiveness is thus a particularly important trait for the survival of species in revegetation measures [27]
[28]. Therefore, it is necessary to perform monitoring of how the techniques used affect the rest of the plant
community, especially with regard to increases of cover by undesirable species; however, to our knowledge, no
such study has been carried out.

To identify an appropriate method to revegetate riverdikes, we set out to answer two questions: What is the
fastest method (sowing, planting, or sodding) to revegetate riverdikes with I. cylindrica in terms of the effects on
plant cover and species richness of the established vegetation? In each method, do natural colonizers become
established over time?

2. Materials and Methods
2.1 Study Site

The study site is located in the high-water channel of the Tone River, 30 km northeast of Tokyo, Japan
(35°54'54"N, 140°0'59"E, Figure 1). Mean annual precipitation at the nearby Ryugasaki Meteorological Station
is 1344 mm. The mean annual temperature is 14.1°C, with a mean minimum of 3.1°C (January) and mean max-
imum of 25.6°C (August). The site was surrounded by tall herbaceous vegetation dominated by Miscanthus
sacchariflorus (Maxim.) Benth., and no vegetation management was carried out. The neighboring riverbank,
which is located approximately 20 m from the study site, was dominated by Solidago altissima L., Schedonorus
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Figure 1. Location of the study site.
phoenix (Scop.) Holub, Lolium multiflorum Lam., and I. cylindrica.

2.2. Experimental Design

The study site is within an area where soil is prepared for the construction of riverdikes. Soil hardness measured
with a Yamanaka-type soil penetrometer (Fujiwara Factory Co. Ltd., Tokyo, Japan) was 19 - 28 mm (median 24
mm), which is similar to that in established riverdikes (personal communication with H. Sasaki, Foundation of
River and Watershed Environment Management, Japan). Available nitrogen content in the surface soil was 0.1
mg N/g, indicating relatively nutrient-poor soil conditions.

Topsoil ina 10 m x 10 m area was removed to a depth of 30 cm in July 2010. Within this area, we set up five
treatments: sodding, sowing at two seed densities, transplanting, and control. Treatments were carried out in 1.5
m x 1.5 m (2.25 m?) plots arranged in a randomized block design, with three replications of each. Each block
was separated by 20 cm deep ditches to avoid rhizome contamination between plots. Each plot was placed 70
cm away from an adjoining plot.

For the sodding treatment, I. cylindrica sod composed of 12-month-old plug-plants that was commercially
developed for riverbank revegetation was raised for 3 months and then applied to the plots in 1.1 m x 1.1 m
squares. For the two sowing treatments, either 10,000 seeds m 2 (hereafter high-density sowing) or 1000 seeds
m 2 (low-density sowing) were sown. The I. cylindrica seeds were obtained from the nearby riverbank in late
May 2010. For the transplanting treatment, 12-month-old plug-plants raised in 1 cm x 1 cm cell pots were estab-
lished at a density of 25 individuals m™2. In the sowing treatments, seeds were integrated with stabilizer (2 cm®
per 2.25 m® of acrylic acid resin and polyvinyl acetate resin) and short-fiber wood mulch (405 g per 2.25 m?)
before being broadcast in order to add weight and achieve better adherence to the soil. Plug-plants and sod were
produced by ESPEC MIC Inc. (Nagoya, Aichi, Japan). In the control treatment, the ground was left bare.

Because germination of 1. cylindrica requires a relatively high temperature [29], the experiment was started at
the beginning of July 2010. Although the experiment was started during the rainy season, manual irrigation was
applied daily for the first 2 weeks after planting, and then twice weekly until 30 September 2010. Mowing
management was carried out twice a year, in May and October (with the first mowing occurring in May 2011).

2.3. Monitoring

Seedling establishment success was assessed by counting germinated plants in 0.1 m x 0.1 m quadrats randomly
located at five non-overlapping points within each sowing plot. For the transplanting treatment, the number of
surviving plants was recorded in the whole 2.25-m? plot. Monitoring was carried out on 9 September 2010. For
monitoring species diversity, we measured the maximum height and visually estimated the percent cover of each
species on 28 October 2010, 23 August 2011, and 3 September 2012. Total vegetative cover was also estimated
on these dates. The survey in 2010 was delayed because vegetation was mostly composed of small seedlings,
making species identification difficult for many individuals. The vegetation survey preceded mowing in each
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autumn. Species identification was made in the study site, supplemented by subsequent room identification us-
ing Flora of Chiba Prefecture [30].

To assess belowground biomass, soil was sampled to a depth of 30 cm using an auger with a 4-cm diameter
onll April 2013. In each plot, the center and four points equidistant from the center and each edge were sam-
pled. Each soil sample was separated into 0 - 10, 10 - 20, and 20 - 30 cm portions, and the upper, middle, and
lower portions from the five sampling points within each plot were each combined. Live plant parts were re-
moved from each soil sample, dried for 3 days at 80°C, and weighed.

2.4. Analysis

The recorded species were classified as annuals (including biennials), perennials, and woody species. The de-
scription of species attributes followed Numata and Yoshizawa [31] and Chibaken-shiryou-kenkyuzaidan [30].
Species diversity was calculated using the Shannon-Weaver diversity index (Ho) [32].

Cover data were normalized by square-root transformation. We performed one-way ANOVA and Tukey’s
post hoc tests to determine the significance of differences in the number of species, plant cover, and below-
ground biomass between treatments. We also performed repeated two-way ANOVA and Tukey’s post hoc tests
to assess the differences in plant cover and number of species between years. A P value < 0.05 was considered
to be significant. Statistical analyses were performed using R ver. 2.13.1 (R Development Core Team 2013).

3. Results

A total of 89 species were recorded. Fifty species were annuals, 37 were perennials, and 2 were woody species.
Forty-two taxa were exotic species. Equisetum palustre L. was observed at frequencies of more than 0.5 (i.e., in
more than 7 plots) in each year. Panicum bisulcatum Thunb., Cyperus iria L., and Cayratia japonica (Thunb.)
Gagnep. were observed at frequencies of more than 0.5 in year 1, and Erigeron canadensis (L.) Cronquist and
Solidago altissima were observed at frequencies of more than 0.5 in years 2 and 3.

3.1. Germination and Survival Rates

Mean seedling survival rates were similar in the two sowing treatments (high density: 24.6% + 8.8%; low den-
sity: 30.7+ 4.2%). The survival rate in the transplant treatment was 41.3% + 31.0%.

3.2. Floristic Changes in the Various Treatments

Imperata cylindrica cover, total plant cover, and total number of species recorded in each experimental year are
illustrated in Figure 2. Changes in species categories among years are described in Table 1. In year 1, the sod-
ding and high-density sowing treatment produced significantly greater I. cylindrica cover, followed by low-
density sowing and transplanting. In year 2, I. cylindrica cover was similar in the low-density sowing, high-
density sowing, and sodding treatments, whereas the transplanting treatment had significantly less I. cylindrica
cover. The relationship among treatments with regard to total plant cover was similar to that for I. cylindrica
cover in years 1 and 2. No significant differences in total plant cover were observed among treatments in year 3,
with all treatments having more than 80% cover.

In year 1, the sodding treatment exhibited a significantly smaller total number of species than all other treat-
ments. Between years 1 and 2, the total number of species increased in the transplanting treatment, but de-
creased in the sodding and two sowing treatments (Table 1). Between years 2 and 3, the total number of species
decreased in the low-density sowing and transplanting treatments and control, but increased in the sodding
treatment. Consequently, by year 3 the sodding treatment had achieved a significantly greater total number of
species than the other treatments, except the control.

The numbers of species and cover of annuals and perennials are shown in Table 2 (The number of woody
species was too small to include in this analysis). In years 1 and 2, the numbers of annuals in the higher-density
sowing and sodding treatments were smaller than those in the transplanting treatment and control. The number
of annuals decreased over time in all treatments, except for the sodding treatment in year 3 (Table 1). By year 3,
there were almost no annual species in the plots except for the sodding treatment. There was no clear trend
among years with regard to the number of perennials, but there were more perennial species than annual species
in years 2 and 3 in all treatments. Likewise, the percent cover of perennials was greater than that of annuals in
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Table 1. Between-year trends in each species category for the various revegetation treatments.

Year 1 vs. Year 2 Year 1 vs. Year 3 Year 2 vs. Year 3
F value P value +/— F value P value +/— F value P value +/—
Sodding
Number of species
Total 4.2008 0.0012 - 2.5205 0.0510 6.7213 <0.0001 +
Annual 2.7301 0.0331 - 1.3650 0.3774 4.0951 0.0016 +
Perennial 4.9320 0.0002 - 3.2880 0.0098 + 8.2199 <0.0001 +
Exotic species 0.0000 1.0000 7.2660 0.0000 + 7.2660 0.0000 +
Cover
Total 1.5643 0.2837 0.6795 0.7779 2.2438 0.0880
I. cylindrica 1.7327 0.2180 2.7647 0.0307 + 1.0320 0.5659
Annual 2.8215 0.0273 - 1.8948 0.1661 4.7163 0.0004 +
Perennial 4.6470 0.0004 - 4.1726 0.0013 + 8.8196 <0.0001 +
Exotic species 0.0000 1.0000 7.4754 0.0000 + 7.4754 0.0000 +
Shannon’s diversity 2.1766 0.0999 2.3380 0.0733 4.5146 0.0006 +
High-density sowing
Number of species
Total 5.0410 0.0002 - 5.8812 <0.0001 - 0.8402 0.6830
Annual 8.1903 <0.0001 - 9.5553 <0.0001 - 1.3650 0.3774
Perennial 0.8220 0.6941 1.6440 0.2510 0.8220 0.6941
Exotic species 0.4323 0.9026 0.1644 0.9852 0.2678 0.9613
Cover
Total 0.9766 0.0195 + 5.0858 0.0002 + 2.1092 0.1133
I. cylindrica 6.6533 <0.0001 + 7.1176 <0.0001 + 0.4643 0.8886
Annual 6.1693 <0.0001 - 6.4687 <0.0001 - 0.2994 0.9519
Perennial 0.9081 0.6416 4.7276 0.0004 + 5.6356 <0.0001 +
Exotic species 1.6630 0.2437 4.2481 0.0011 + 2.5851 0.0447 +
Shannon’s diversity 1.8073 0.1927 2.1965 0.0962 0.3892 0.9202
Low-density sowing
Number of species
Total 3.7808 0.0032 - 7.9816 <0.0001 - 4.2008 0.0012 -
Annual 8.1903 <0.0001 - 13.6505 <0.0001 - 5.4602 0.0001 -
Perennial 1.6440 0.2510 0.0000 1.0000 1.6440 0.2510
Exotic species 3.0135 0.0180 + 1.2491 0.4393 4.2626 0.0011 -
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Continued
Cover
Total 6.6428 <0.0001 + 7.3205 <0.0001 0.6777 0.7790
I. cylindrica 17.0100 <0.0001 + 19.8905 <0.0001 2.8804 0.0240
Annual 7.9035 <0.0001 - 7.8763 <0.0001 0.0272 0.9996
Perennial 0.2447 0.9676 3.7961 0.0031 3.5514 0.0054
Exotic species 1.8626 0.1756 42161 0.0012 2.3536 0.0711
Shannon’s diversity 3.8876 0.0025 - 5.7071 <0.0001 1.8195 0.1888
Transplanting
Number of species
Total 4.6209 0.0005 + 3.3607 0.0084 7.9816 <0.0001
Annual 3.4126 0.0074 - 11.6029 <0.0001 8.1903 <0.0001
Perennial 13.1519 <0.0001 + 6.5780 <0.0001 6.5780 <0.0001
Exotic species 8.5797 0.0000 + 5.7611 0.0000 2.8186 0.0274
Cover
Total 4.2404 0.0011 - 6.4340 <0.0001 10.6743 <0.0001
I. cylindrica 15.9731 <0.0001 + 25.3143 <0.0001 9.3412 <0.0001
Annual 5.9218 <0.0001 - 8.1022 <0.0001 2.1803 0.0992
Perennial 0.9718 0.6026 6.8965 <0.0001 5.9248 <0.0001
Exotic species 5.7948 0.0000 + 7.3126 0.0000 15178 0.3041
Shannon’s diversity 3.7599 0.0034 + 4.0321 0.0018 7.7920 <0.0001
Control
Number of species
Total 1.2603 0.4331 4.2008 0.0012 5.4611 0.0001
Annual 3.4126 0.0074 - 10.9204 <0.0001 7.5078 <0.0001
Perennial 5.7540 <0.0001 + 3.2880 0.0098 2.4660 0.0569
Exotic species 0.4906 0.8765 1.4135 0.3531 0.9229 0.6325
Cover
Total 4.3687 0.0008 + 15.8325 <0.0001 11.4639 <0.0001
I. cylindrica 10.6189 <0.0001 + 22.5079 <0.0001 11.8890 <0.0001
Annual 0.0139 0.9999 2.9315 0.0215 2.9454 0.0209
Perennial 0.6529 0.7929 5.5930 0.0001 6.2459 <0.0001
Exotic species 2.8265 0.0270 + 9.6538 0.0000 6.8273 0.0000
Shannon’s diversity 2.0157 0.1343 3.0557 0.0164 5.0714 0.0002

#Cover of perennials excludes that of Imperata cylindrica.
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Figure 2. Total plant cover (upper), Imperata cylindrica cover (middle), and total number of species (lower) in each treat-
ment from year 1 to year 3. Mean values + SD followed by the same letter are not significantly different according to Tu-
key’s LSD (P > 0.05).

years 2 and 3 in all treatments (Table 1), particularly in the transplanting treatment and control. The percent
covers of exotic species in year 3 were greater than those in year 1 in all treatments (Table 1). In year 3, the
control treatment showed significantly greatest cover of exotic species among treatments. Shannon’s diversity
index was greatest in the transplanting treatment and control in year 2, and in control in year 3 (Table 2).

3.3. Belowground Biomass

Belowground biomass is illustrated in Figure 3. At soil depth of 0 - 10 cm, biomass in the sodding treatment
was significantly greater than those in the transplanting treatment (P = 0.034) and control (P = 0.007). There
were no significant differences among treatments at depths of 10 - 20 and 20 - 30 cm.

4. Discussion

In vegetation studies with small plots, interplot seeding (i.e., seed rain from adjacent plots) typically becomes a
problem after the second season [33] [34]. In the present study, I. cylindrica occurred in control plots in year 2.
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Table 2. Number of species and cover of annuals and perennials.

Sodding High-density sowing Low-density sowing Transplanting Control
Year 1 Number of species
Annual 20 £+ 17 ¢ 45 35 b 77 £ 25 a 73 = 15 a 70 % 10 a
Perennial 40 + 10 a 55 * 07 a 43 * 12 a 33 = 12 a 57 = 21 a
Exotic species 07 £ 06 ¢ 23 £ 23 b 23 £ 15 ab 07 £ 06 ¢ 43 %+ 06 a
Cover
Annual 34 £+ 31 b 81 + 01 ab 182 + 122 a 301 +* 82 a 212 + 112 a
Perennial 68 * 05 58 + 08 55 + 40 16.4 + 240 95 + 26
Exotic species 01 + 01 b 15 £ 24 b 09 + 12 b 13 + 15 b 65 * 15 a
Shannon’s diversity 1.3 + 05 b 21 + 06 b 30 £ 07 a 30 £ 03 a 31 £ 09 a
Year 2 Number of species
Annual 13 £+ 06 ¢ 10 + 10 ¢ 37 + 12 b 57 + 21 a 53 + 12 ab
Perennial 20 + 00 ¢ 50 17 b 53 * 23 b 83 x 06 a 73 % 06 a
Exotic species 07 + 06 ¢ 20 £ 17 b 43 + 25 a 50 = 10 a 40 * 1.0 a
Cover
Annual 01 £ 01 b 04 £ 06 b 17 £ 21 b 93 £ 23 a 225 % 145 a
Perennial * 01 * 00 ¢ 33 % 23 bc 36 * 24 ab 133 + 71 a 76 = 23 ab
Exotic species 01 £ 01 ¢ 20 £ 10 b 24 £ 33 b 69 £ 14 a 121 £ 75 a
Shannon’sdiversity 07 + 01 ¢ 15 * 03 bc 23 £ 11 b 39 £ 06 a 36 %= 02 a
Year 3 Number of species
Annual 33 + 06 a 03 =06 b 10 * 10 b 17 + 06 ab 17 * 06 ab
Perennial 53 + 12 ab 50 * 26 b 47 * 06 b 50 * 10 ab 63 * 06 a
Exotic species 40 £+ 10 a 20 £ 10 ab 17 £+ 12 b 30 +* 10 ab 33 % 06 ab
Cover
Annual 52 + 08 ab 03 * 06 ¢ 14 + 16 bc 53 + 49 ab 140 * 165 a
Perennial 222 £ 73 bec 210 * 92 be 177 £ 90 «c¢ 447 * 255 a 340 = 30 ab
Exotic species 59 + 12 b 53 38 b 53 * 67 b 100 *+ 61 b 297 % 105 a
Shannon’s diversity 19 + 05 ab 14 + 07 b 16 £+ 05 ab 20 £ 08 ab 24 £+ 01 a

Cover of perennials excludes that by Imperata cylindrica. Within each row, mean values + SD followed by the same letter are not significantly differ-
ent according to Tukey’s LSD (P > 0.05).

These individuals were likely recruited from seeds produced in adjacent plots and surrounding habitats via the
prolific wind-disseminated seed. Nevertheless, cover of I. cylindrica was significantly lower (<10%) in the con-
trol compared with other treatments, suggesting that the influence of interplot seeding was marginal.

4.1. Behavior of Imperata cylindrica

In all treatments, 1. cylindrica cover reached more than 70% or increased throughout the experimental period.
The sodding and higher-density sowing treatments achieved the most rapid increase in the cover. Sodding of turf
grasses has been shown to cover the ground more rapidly than broadcast seeding [30] [35]. One reason for the
better performance in terms of the abundance of I. cylindrica in the high-density sowing treatment would be the
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Figure 3. Belowground biomass in each treatment in 2013. Mean
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much greater seed density than that used in previous research [36]. If we compare sodding with the low- density
sowing treatment, then our findings correspond to these previous results. In another study of I. cylindrica, To-
minaga [37] reported that each new plant borne from a rhizome piece (ramet) produced 31 rhizomes totaling 8 m
in length in a single season. In this study, the number of plug-plants originally introduced into a sod roll was
small (i.e., 25 individuals m2), but the 12-month maturation period before the introduction of sod would have
enhanced the rapid expansion of rhizomes and thus contributed to the increase in the cover.

It was only in the first year that cover in the low-density sowing treatment was less than that in the high-den-
sity treatment. A similar trend was observed by Stevenson et al. [36] and Burton et al. [38]. In high-density
sowing, individual seedlings experience intense competition, resulting in some mortality and self-thinning [38].
Another explanation for this result is that, although plant cover of natural colonizers was greater in the low-
density sowing treatment in year 1, the majority of the cover was by annuals, thus more space was available for I.
cylindrica in the low-density plots in the following spring.

The transplanting treatment had the lowest I. cylindrica cover in all treatments, except the control. One reason
is clearly that the transplant survival rate in year 1 was lower than expected (41.3% + 31.0%). Tominaga [37]
reported that I. cylindrica ramets (new plants from rhizome pieces) produced fewer rhizomes than genets
(seedlings). Ezaki et al. [39] demonstrated that when planted at 16 individuals m2, 1. cylindrica plant density
was saturated by the fourth year. Therefore, it may be the case that it takes longer for I. cylindrica to become
dominant when established by plug-plants rather than by seeds and sod. Imperata cylindrica favors high-light
environments, and Patterson [17] reported a markedly higher mortality rate in shaded environments. We ob-
served a higher percent cover of perennials in the transplanting treatment than in the sowing treatments. Under
such conditions, 1. cylindrica cover would not likely increase to form a monospecific stand over the short expe-
rimental period.

Belowground biomass in the transplanting treatment and control were smaller than that in the other treatments.
This pattern more closely resembled that of I. cylindrica cover than total cover. Although we did not distinguish
among species when assessing belowground biomass, the roots and rhizomes of I. cylindrica likely accounted
for much of the belowground biomass. The belowground biomass recorded in this study was markedly smaller
than that reported in mature plant communities dominated by I. cylindricaon riverdikes [9], reflecting that be-
lowground biomass in our study site was still increasing in year 3.

4.2. Effect on Natural Colonizers

Compared with the control, the cover of annuals was suppressed in the sodding and sowing treatments, particu-
larly in years 2 and 3. The number of annual species also decreased to less than 2.0 in the high-density sowing
treatment by year 2 and in the low-density treatment in year 3. The presence of annuals was strongly linked to
the presence of bare ground in plots, as reported previously [36]. Closed and productive vegetation dominated
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by perennial generalists also hampers the chances for the establishment of migrated species [40] [41]. Previous
studies found that the suppression of migrated species was high only when grass species were made up at least
70% cover [33] [42] [43], and it was low when the proportion of grasses was 50% [36]. Plant cover in the treat-
ment plots was >70% in years 2 and 3, suggesting that competitive exclusion was occurring within a few years
of initiating the treatments. For the transplanting treatment, Shannon’s diversity index and the total number of
species were similar to those in the control over the course of the experiment, indicating that there was no clear
competitive exclusion due to I. cylindrica in the transplanting treatment.

In year 3, the covers of exotic species in treated plots were significantly larger than those in control plots,
suggesting that introduction of I. cylindrica regardless to the treatments contributed to inhibiting the increase in
the cover of exotic species. The low percent cover of undesirable exotic species (e.g., Solidago altissima) after 3
years suggests that establishment of such species is unlikely to become a major problem in a short time. Never-
theless, the cover of exotic species increased gradually, indicating that it is unclear whether exotic species sup-
press I. cylindrica in the long term, as Mitchell et al. [28] reported. Further work is required to identify method(s)
to control these perennial species.

The number of species in the sodding treatment was significantly smaller than other treatments in years 1 and
2, whereas the sodding treatment had the greatest number of species in year 3. Plant cover was similar in the
sodding and high-density sowing treatments. By covering the existing seed banks with sod, weed germination
and establishment would be eliminated [34]. However, the artificial materials contained in the sod deteriorate by
year 3, the deterioration opens gaps in the sod that let light hit the underlying soil and thus enhance germination

4.3. Implications for the Revegetation of Riverdikes Using Imperata cylindrica

Sodding and sowing with 1. cylindrica suppressed both the total cover and the number of naturally colonizing
species. If stabilization and erosion control are the priority, introduction of 1. cylindrica using sod and sowing at
high density were shown to be the most effective techniques. Sod produced greater belowground biomass than
the other treatments, indicating that sodding is particularly well-suited to bare-ground revegetation of riverdikes.
However, our findings indicated that transplanting is inappropriate because I. cylindrica cover would not likely
increase to form a monospecific stand within a short period.

Land managers often attempt not only to achieve rapid coverage by vegetation, but also to increase the func-
tionality of the target communities [44] [45]. Thus, ideally, revegetation using I. cylindrica should also enhance
the establishment of other desirable species. Nevertheless, except for I. cylindrica, only Rumex acetosa, C. ja-
ponica, and Plantago asiatica were common to existing semi-natural grassland (Nemoto et al., unpublished da-
ta), possibly due to seed limitation of the target species, as noted in previous studies (e.g., [46]).

The most widely applicable method for actively restoring a diverse plant community is sowing seeds of nu-
merous species [47]. When considering such goals, sod is less useful due to the severe limitation on the coloni-
zation of migrating species. However, Abe et al. [48] reported successful introduction of several grassland spe-
cies on reclaimed riverdikes by sowing seeds. Therefore, using a seed mixture of I. cylindrica and diverse de-
sirable species would likely provide available resources for new seedlings. If immediate green-up is not impera-
tive, sowing with a lower seed density will provide equivalent levels of cover over time. When revegetation is
performed on the side of a riverdike opposite to the stream, there is not an extreme demand to prevent soil ero-
sion. In such locations, sowing with lower seed density (1000 individuals m?) should be suitable, as it will
achieve equivalent levels of cover by the end of two growing seasons and save some of the expense of gathering
regional seeds of 1. sylindrica.

Acknowledgements
This research was conducted in collaboration with the Foundation of River and Watershed Environment Man-
agement, Japan. The experiment complied with the current laws of Japan.

References

[1] Japanese Society of Turfgrass Science, Ed. (1988) Turf: Science and Culture for Green-Vegetation Soft-Science-Sha.
Tokyo. (In Japanese)

[2] Andrés, P., Zapater, V. and Pamplona, M. (1996) Stabilization of Motorway Slopes with Herbaceous Cover, Catalonia,
Spain. Restoration Ecology, 4, 51-60. http://dx.doi.org/10.1111/j.1526-100X.1996.th00107.x

480


http://dx.doi.org/10.1111/j.1526-100X.1996.tb00107.x

S.Yamada, M. Nemoto

(3]
(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]
(18]
[19]

[20]

[21]

[22]

[23]

Andrés, P. and Jorba, M. (2000) Mitigation Strategies in Some Motorway Embankments (Catalonia, Spain). Restora-
tion Ecology, 8, 268-275. http://dx.doi.org/10.1046/j.1526-100x.2000.80038.x

Martinez-Ruiz, C., Fernandez-Santos, B., Putwain, P.D. and Fernandez-Gémez, M.J. (2007) Natural and Man-Induced
Revegetation on Mining Wastes: Changes in the Floristic Composition during Early Succession. Ecological Engineer-
ing, 30, 286-294. http://dx.doi.org/10.1016/j.ecoleng.2007.01.014

Hosogi, D. and Kameyama, A. (2004) Timing for the Collection of Topsoil from a Deciduous Forest for Use as Plant-
ing Material in Suburban Tokyo, Japan. Ecological Engineering, 23, 371-386.
http://dx.doi.org/10.1016/j.ecolend.2004.12.016

Rentch, J.S., Fortney, R.H., Stephenson, S.L., Adams, H.S., Grafton, W.N. and Anderson, T. (2005) Vegetation-Site
Relationships of Roadside Plant Communities in West Virginia, USA. Journal of Applied Ecology, 42, 129-138.
http://dx.doi.org/10.1111/j.1365-2664.2004.00993.x

Tinsley, M.J., Simmons, M.T. and Windhager, S. (2006) The Establishment Success of Native versus Non-Native
Herbaceous Seed Mixes on a Revegetated Roadside in Central Texas. Ecological Engineering, 26, 231-240.
http://dx.doi.org/10.1016/j.ecoleng.2005.10.004

Mola, 1., Jiménez, M.D., L6pez-Jiménez, N., Casado, M.A. and Balaguer, L. (2011) Roadside Reclamation Outside the
Revegetation Season: Management Options under Schedule Pressure. Restoration Ecology, 19, 83-92.
http://dx.doi.org/10.1111/j.1526-100X.2009.00547.x

Ezaki, T. and Sakurai, Y. (1992) Standing Crop and Strength of Root System of Trees and Grasses for Landscaping.
Journal of the Japanese Institute of Landscape Architecture, 55, 181-186. (In Japanese with English Summary)
http://dx.doi.org/10.5632/jila1934.55.5_181

Lee, H.J. and Nakagoshi, N. (2010) Grassland Vegetation Change after Riverbank Restoration in Jungnang River,
Seoul, Korea. Hikobia, 15, 377-384.

Asami, K., Hattori, T. and Akamatsu, H. (1995) A Study on Management by Cutting of the Embankment Vegetation.
Journal of the Japanese Institute of Landscape Architecture, 58, 125-128. (In Japanese with English Summary)
http://dx.doi.org/10.5632/jila.58.5_125

Hattori, A., Mochizuki, T. and Fujita, K. (1997) Estimation of Erosion Resistance of the Levee Slopes Covered by Ve-
getation which Is Managed by Two Cuttings per Year. Proceedings of Hydraulic Engineering, 41, 367-372. (In Japa-
nese with English Summary) http://dx.doi.org/10.2208/prohe.41.367

Peet, N.B., Watkinson, A.R., Bell, D.J. and Kattel, B.J. (1999) Plant Diversity in the Threatened Sub-Tropical Grass-
lands of Nepal. Biological Conservation, 88, 193-206. http://dx.doi.org/10.1016/S0006-3207(98)00104-9

Neldner, V.J., Fensham, R.J., Clarkson, J.R. and Stanton, J.P. (1997) The Natural Grasslands of Cape York Peninsula,
Auwustralia: Description, Distribution and Conservation Status. Biological Conservation, 81, 121-136.
http://dx.doi.org/10.1016/S0006-3207(96)00162-0

Fukamachi, K., Oku, H. and Miyake, A. (2005) The Relationships between the Structure of Paddy Levees and the Plant
Species Diversity in Cultural Landscapes on the West Side of Lake Biwa, Shiga, Japan. Landscape and Ecological En-
gineering, 1, 191-199. http://dx.doi.org/10.1007/s11355-005-0019-8

MacDonald, G.E. (2004) Cogongrass (Imperata cylindrica): Biology, Ecology, and Management. Critical Reviews in
Plant Science, 23, 367-380. http://dx.doi.org/10.1080/07352680490505114

Patterson, D.T. (1980) Shading Effects on Growth and Partitioning of Plant Biomass in Cogongrass (Imperata cylin-
drica) from Shaded and Exposed Habitats. Weed Science, 28, 735-740.

Brook, R.M. (1989) Review of Literature on Imperata cylindrica (L.) Raeuschel with Particular Reference to South
East Asia. Tropical Pest Management, 35, 12-25. http://dx.doi.org/10.1080/09670878909371312

Dozier, H., Gaffney, J.F., McDonald, S.K., Johnson, E.R.R.L. and Shilling, D.G. (1998) Cogongrass in the United
States: History, Ecology, Impacts, and Management. Weed Technology, 12, 737-743.

Holzmueller, E. and Jose, S. (2011) Invasion Success of Cogongrass, an Alien C, Perennial Grass, in the Southeastern
United States: Exploration of the Ecological Basis. Biological Invasions, 13, 435-442.
http://dx.doi.org/10.1007/s10530-010-9837-1

Umami, N., Gondo, T., Tanaka, H., Rahman, M.M. and Akashi, R. (2012) Efficient Nursery Plant Production of Dwarf
Cogongrass (Imperata cylindrica L.) through Mass Propagation in Liquid Culture. Grassland Science, 58, 201-207.
http://dx.doi.org/10.1111/grs.12001

Mizunuma, K., Kimura, Y. and Satoh, Y. (2010) The Effect of Chigaya Mat Laid on the Embankment Slope in the Up-
stream in Tenryu River and Mibu River. Journal of the Japanese Society of Revegetation Technology, 63, 131-134. (In
Japanese with English Summary) http://dx.doi.org/10.7211/jjsrt.36.131

Chibaken-Shiryou-Kenkyuzaidan (2003) Chibaken-No-Shizenshi (4) Chibaken-Shokubutsushi [Natural Source Book
of Chiba Prefecture (4) Flora of Chiba Prefecture]. Chiba-Nippousha, Chiba. (In Japanese)



http://dx.doi.org/10.1046/j.1526-100x.2000.80038.x
http://dx.doi.org/10.1016/j.ecoleng.2007.01.014
http://dx.doi.org/10.1016/j.ecoleng.2004.12.016
http://dx.doi.org/10.1111/j.1365-2664.2004.00993.x
http://dx.doi.org/10.1016/j.ecoleng.2005.10.004
http://dx.doi.org/10.1111/j.1526-100X.2009.00547.x
http://dx.doi.org/10.5632/jila1934.55.5_181
http://dx.doi.org/10.5632/jila.58.5_125
http://dx.doi.org/10.2208/prohe.41.367
http://dx.doi.org/10.1016/S0006-3207(98)00104-9
http://dx.doi.org/10.1016/S0006-3207(96)00162-0
http://dx.doi.org/10.1007/s11355-005-0019-8
http://dx.doi.org/10.1080/07352680490505114
http://dx.doi.org/10.1080/09670878909371312
http://dx.doi.org/10.1007/s10530-010-9837-1
http://dx.doi.org/10.1111/grs.12001
http://dx.doi.org/10.7211/jjsrt.36.131

S. Yamada, M. Nemoto

[24]
[25]

[26]

[27]

[28]

[29]

[30]
[31]
(32]
(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Prach, K. and Py3ek, P. (2001) Using Spontaneous Succession for Restoration of Human-Disturbed Habitats: Expe-
rience from Central Europe. Ecological Engineering, 17, 55-62. http://dx.doi.org/10.1016/S0925-8574(00)00132-4

Suding, K.N., Gross, K.L. and Houseman, G.R. (2004) Alternative States and Positive Feedbacks in Restoration Ecol-
ogy. Trends in Ecologyand Evolution, 19, 46-52. http://dx.doi.org/10.1016/j.tree.2003.10.005

Holly, D.C. and Ervin, G.N. (2007) Effects of Intraspecific Seedling Density, Soil Type, and Light Availability upon
Growth and Biomass Allocation in Cogongrass (Imperata cylindrica). Weed Technology, 21, 812-819.
http://dx.doi.org/10.1614/\WT-06-138.1

Pywell, R.F., Bullock, J.M., Roy, D.B., Warman, L., Walker, K.J. and Rothery, P. (2003) Plant Traits as Predictors of
Performance in Ecological Restoration. Journal of Applied Ecology, 40, 65-77.
http://dx.doi.org/10.1046/j.1365-2664.2003.00762.x

Mitchell, R.J., Rose, R.J. and Palmer, S.C.F. (2008) The Effect of Restoration Techniques on Non-Target Species:
Case Studies in Moorland Ecosystems. Applied Vegetation Science, 12, 81-91.
http://dx.doi.org/10.1111/j.1654-109X.2009.01006.x

Matsumura, M., Yukimura, T. and Shinoda, S. (1983) Fundamental Studies on Artificial Propagation by Seeding Use-
ful Wild Grasses in Japan. IX. Seed Fertility and Germinability of the Intraspecific Two Types of Chigaya (Alang-
Alang), Imperata cylindrica var. koenigii. Journal of Japanese Society of Grassland Science, 28, 395-404.

Chigaya-Sougen-Soushutu-Kenkyukai (2000) Chigayasougen-Soushutsu-No-Tebiki. Ministry of Construction Japan,
Hyogo. (In Japanese)

Numata, M. and Yoshizawa, N., Eds. (1979) Weed Flora of Japan. Nippon-Shokubutsuchouseizai-Kenkyukyokai,
Tokyo, Japan. (In Japanese)

Shannon, C.E. and Weaver, W. (1949) The Mathematical Theory of Communications. University of Illinois Press, Ur-
bana.

Pakeman, R.J., Pywell, R.F. and Wells, T.C.E. (2002) Species Spread and Persistence: Implication for Experimental
Design and Habitat Re-Creation. Applied Vegetation Science, 5, 75-86.

Leps, J., Dolezal, J., Bezemer, T.M., Brown, V.K,, Hedlund, K., Igual Arroyo, M., Jérgensen, H.B., Lawson, C.S.,,
Mortimer, S.R., Peix Geldart, A., Rodriguez Barrueco, C., Santa Regina, I., Smilauer, P. and Van Der Putten, W.H.
(2007) Long-Term Effectiveness of Sowing High and Low Diversity Seed Mixtures to Enhance Plant Community De-
velopment on Ex-Arable Fields. Applied Vegetation Science, 10, 97-110.
http://dx.doi.org/10.1658/1402-2001(2007)10[97:LEOSHA]2.0.CO;2

Beard, J.B. and Green, R.L. (1994) The Role of Turfgrasses in Environmental Protection and Their Benefits to Humans.
Journal of Environmental Quality, 23, 452-460. http://dx.doi.org/10.2134/jeq1994.00472425002300030007x

Stevenson, M.J., Bullock, J.M. and Ward, L.K. (1995) Re-Creating Semi-Natural Communities: Effect of Sowing Rate
on Establishment of Calcareous Grassland. Restoration Ecology, 3, 279-289.
http://dx.doi.org/10.1111/j.1526-100X.1995.tb00095.x

Tominaga, T. (2003) Growth of Seedlings and Plants from Rhizome Pieces of Cogongrass (Imperata cylindrica (L.)
Beauv.). Weed Biology and Management, 3, 193-195. http://dx.doi.org/10.1046/j.1445-6664.2003.00097.x

Burton, C.M., Burton, P.J., Hebda, R. and Turner, N.J. (2006) Determining the Optimal Sowing Density for a Mixture
of Native Plants Used to Regevetate Degraded Ecosystems. Restoration Ecology, 14, 379-390.
http://dx.doi.org/10.1111/j.1526-100X.2006.00146.x

Ezaki, T., Inoue, S., Kohno, S., Fujihisa, M., Iwamoto, T. and Chun, K. (2004) Planting Density and Standing Crop of
Imperata cylindrica. Journal of Weed Science, 49, 140-141. (In Japanese)
http://dx.doi.org/10.3719/weed.49.Supplement_140

Walker, K.J., Pywell, R.F., Warman, E.A., Fowbert, J.A., Bhogal, A. and Chambers, B.J. (2004) The Importance of
Former Land Use in Determining Successful Re-Creation of Lowland Heath in Southern England. Biological Conser-
vation, 116, 289-303. http://dx.doi.org/10.1016/S0006-3207(03)00199-X

Torok, P., Dedk, B., Vida, E., Valko, O., Lengyel, S. and Téthmérész, B. (2010) Restoring Grassland Diversiity: Sow-
ing Low-Diversity Seed Mixtures Can Lead to Rapid Favourable Changes. Biological Conservation, 143, 806-812.
http://dx.doi.org/10.1016/j.biocon.2009.12.024

Van Der Putten, W.H., Mortimer, S.R., Hedlund, K., Van Dijk, C., Brown, V.K., Lep§, J., Rodriguez-Barrueco, C.,
Roy, J., Diaz Len, T.A., Gormsen, D., Korthals, G.W., Lavorel, S., Santa Regina, I. and Smilauer, P. (2000) Plant Spe-
cies Diversity as a Driver of Early Succession in Abandoned Fields: A Multi-Site Approach. Oecologia, 124, 91-99.
http://dx.doi.org/10.1007/s004420050028

Warren, J., Wilson, F. and Diaz, A. (2002) Competitive Relationships in Fertile Grassland Community: Does Size
Matter? Oecologia, 132, 125-130. http://dx.doi.org/10.1007/s00442-002-0935-3



http://dx.doi.org/10.1016/S0925-8574(00)00132-4
http://dx.doi.org/10.1016/j.tree.2003.10.005
http://dx.doi.org/10.1614/WT-06-138.1
http://dx.doi.org/10.1046/j.1365-2664.2003.00762.x
http://dx.doi.org/10.1111/j.1654-109X.2009.01006.x
http://dx.doi.org/10.1658/1402-2001(2007)10%5b97:LEOSHA%5d2.0.CO;2
http://dx.doi.org/10.2134/jeq1994.00472425002300030007x
http://dx.doi.org/10.1111/j.1526-100X.1995.tb00095.x
http://dx.doi.org/10.1046/j.1445-6664.2003.00097.x
http://dx.doi.org/10.1111/j.1526-100X.2006.00146.x
http://dx.doi.org/10.3719/weed.49.Supplement_140
http://dx.doi.org/10.1016/S0006-3207(03)00199-X
http://dx.doi.org/10.1016/j.biocon.2009.12.024
http://dx.doi.org/10.1007/s004420050028
http://dx.doi.org/10.1007/s00442-002-0935-3

S. Yamada, M. Nemoto

[44]

[45]

[46]

[47]

(48]

Pywell, R.F., Webb, N.R. and Putwain, P.D. (1995) A Comparison of Techniques for Restoring Heathland on Aban-
doned Farmland. Journal of Applied Ecology, 32, 400-411. http://dx.doi.org/10.2307/2405106

Pywell, R.F., Bullock, J.M., Hopkins, A., Walker, K.J., Sparks, T.H., Burke, M.J.W. and Peel, S. (2002) Restoration of
Species-Rich Grassland on Arable Land: Assessing the Limiting Process Using a Multi-Site Experiment. Journal of
Applied Ecology, 39, 294-309. http://dx.doi.org/10.1046/j.1365-2664.2002.00718.x

Ruprecht, E. (2006) Successfully Recovered Grassland: A Promising Example from Romanian Old-Fields. Restoration
Ecology, 14, 473-480. http://dx.doi.org/10.1111/j.1526-100X.2006.00155.x

Kiehl, K., Kirmer, A., Donath, T.W., Rasran, L. and Hélzel, N. (2010) Species Introduction in Restoration Projects:
Evaluation of Different Techniques for the Establishment of Semi-Natural Grasslands in Central and Northwestern
Europe. Basic and Applied Ecology, 11, 285-299. http://dx.doi.org/10.1016/j.baae.2009.12.004

Abe, S., Yamada, S. and Nemoto, M. (2014) Introducing Semi-Natural Grassland Species in the Joints of Turf on a
Riverdike. Journal of the Japanese Society of Revegetation Technology, 40, 14-19. (In Japanese with English Summary)
http://dx.doi.org/10.7211/jjsrt.40.14

@,
0.0
o2

0% Scientific Research Publishing

Submit or recommend next manuscript to SCIRP and we will provide best service for you:

Accepting pre-submission inquiries through Email, Facebook, LinkedIn, Twitter, etc.
A wide selection of journals (inclusive of 9 subjects, more than 200 journals)
Providing 24-hour high-quality service

User-friendly online submission system

Fair and swift peer-review system

Efficient typesetting and proofreading procedure

Display of the result of downloads and visits, as well as the number of cited articles
Maximum dissemination of your research work

Submit your manuscript at: http://papersubmission.scirp.org/



http://dx.doi.org/10.2307/2405106
http://dx.doi.org/10.1046/j.1365-2664.2002.00718.x
http://dx.doi.org/10.1111/j.1526-100X.2006.00155.x
http://dx.doi.org/10.1016/j.baae.2009.12.004
http://dx.doi.org/10.7211/jjsrt.40.14
http://papersubmission.scirp.org/

	Effects of Bare-Ground Revegetation Techniques Using Imperata cylindrica on Changes in the Plant Cover and Species Richness during Early Succession
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1 Study Site
	2.2. Experimental Design
	2.3. Monitoring
	2.4. Analysis

	3. Results
	3.1. Germination and Survival Rates
	3.2. Floristic Changes in the Various Treatments
	3.3. Belowground Biomass

	4. Discussion
	4.1. Behavior of Imperata cylindrica
	4.2. Effect on Natural Colonizers
	4.3. Implications for the Revegetation of Riverdikes Using Imperata cylindrica

	Acknowledgements
	References

