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Abstract. Invasive species are a threat to every ecosystem. There is a strong incentive to predict which species will
become invasive before they become too widespread and unmanageable. Different approaches have been advocated to
assess invasive species potential. These include examining plant functional traits, quantifying competitive ability and
phylogenetic comparison. In this study, we conducted experiments based on the above approaches in a multi-year,
temporally replicated, set of experiments to compare these assessment methods to determine the invasive potential
of Japanese chaff flower (Achyranthes japonica). We compared plant traits and competitive ability of Japanese chaff
flower with two agricultural invasive species, Palmer amaranth (Amaranthus palmeri) and tall waterhemp (Amaranthus
tuberculatus), and one endangered plant species, bloodleaf (Iresine rhizomatosa), in the Amaranthaceae. Additionally,
we assessed the invasive potential based on each of these approaches and determined the degree of agreement
between them. A relatively conservative assessment integrating all three approaches would be that the competitive
ability of closely related individuals with similar functional traits would share invasive potential. In a greenhouse experi-
ment, each of the study species and soya beans were grown as monocultures and were evaluated to assess the draw-
down of an aboveground (light) and a belowground (nitrogen) resource. In a field experiment, each study species was
grown at varying densities per 15-cm-diameter pot with or without one or two soya bean plants, to simulate relative
densities for soya beans grown in 38- and 76-cm-wide row spacing, respectively. In addition, Japanese chaff flower seed-
lings were planted either as un-manipulated seedlings or as a seedling cut back to the soil surface at the four-node stage
(cut Japanese chaff flower) at which point seedlings have reached a perennial growth stage. The greenhouse experiment
showed that each species drew down light differently, but not nitrogen. Shading decreased the aboveground biomass of
the species in comparison with unshaded controls. Nitrogen, however, increased the aboveground biomass of Palmer
amaranth and Japanese chaff flower. In the field experiment, a competitive effect ranking was determined to be: tall
waterhemp ≥ Palmer amaranth ¼ cut Japanese chaff flower ≥ uncut Japanese chaff flower ≥ bloodleaf, with the com-
petitive response ranking being the inverse. These results suggest that under specific conditions, these closely related
species do exhibit similar competitive abilities. Furthermore, the invasiveness and not the life history or habitat of these
closely related species appeared to be the driving factor of competitiveness.
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Fact Sheet: Ecology and Control of Japanese Chaff Flower             
[Achyranthes japonica (Miq.) Nakai] 

Background 
Japanese chaff flower (Amaranthaceae) is a relatively new exotic species that is native to the eastern and south-
eastern regions of Asia. This perennial herbaceous plant was first found in North America in 1981 along the Tug 
Fork River in Martin County, Kentucky and has since spread down the Ohio River and its tributaries. Today, this 
species has been confirmed in 9 states and over 50 counties. The actual distribution of chaff flower in the United 
States is most likely underestimated due to the lack of public awareness. Water and animals, which includes 
birds, deer, and people, are the primary cause of spread. The longevity of Japanese chaff flower seed in the soil is     
unknown, but it is believed that the seeds can remain viable for a number of years.  

Current distribution of Japanese chaff flower        
(map courtesy of www.eddmaps.org). 

Impacts/Characteristics 
 High germination rate (~62% in drought years and ~94% in    

average years)  
 High seed output (up to ~2,000/plant)  
 ~ 60% of seedlings survive to produce seed in first year  
 Produces over 80 stems/m2 (~16,000 seeds)  
 Similar competitive capabilities of other species in the same 

family (i.e., Palmer amaranth (Amaranthus palmeri) or     
common waterhemp (Amaranthus tuberculatus)) 

 Continual flushes of germination  
 Outcompetes native and invasive species (i.e., Japanese        

stiltgrass (Microstegium viminuem)) 
 Allows very little to no undergrowth due to dense canopy 
 Grows in areas with partial sun and moist soils, but can also 

grow in heavily shaded and dry areas 
 Found in bottomland and upland forests, along riverbanks, 

along agricultural field margins, and in roadside ditches 

Description 
 Perennial, herbaceous species (becomes perennial at three or 

four nodes) 
 Grows up to three meters tall  
 Leaves: opposite and simple 
 Stem: red at ground level (as well as the nodes)  
 Flowers: erect spikes at the end of the stems and upper   

branches (bottle-brush appearance) 
 Fruits: two stiff bracts aid in dispersal by attaching to       

clothing, shoes, hair, or animal feathers/fur 

Progression of seed development 
(Photo by Travis Neal). 

Commonly Misidentified Species: 
 lopseed (Phryma leptostachya)  
 hophornbeam copperleaf           

(Acalypha ostryifolia) 

Phenology 
Japanese chaff flower starts growing in late spring and flowers in 
the late summer. Flowers can continue to develop into the early 
fall, even when seed is starting to be produced. The seeds are 
mature in mid- to late-fall. As the plants die off in late fall or early 
winter the stems and remaining seed turn an orange-brown     
color. The dead plant stand can remain erect even into the winter 
until heavy snow, ice, or floods cause the stems to break.  

Lopseed surrounded by Japanese chaff 
flower (Photo by Karla Gage). 

Mechanical Control: Infestations with chaff flower having four nodes or less can be controlled by hand pulling 
the above ground plant and roots. It is not recommended to attempt to control perennial populations by hand  



pulling alone due to chaff flower’s ability to resprout with increased branching and seed production. In situations 
where populations of chaff flower are located along hiking trails, road sides and in urban areas, weed eating and 
mowing could be a good option to remove flowering heads and temporarily delay seed release. However, follow-
up treatments with systemic herbicides are required to eliminate the plants.       
Chemical Control: All of the chemicals tested below are systemic herbicides designed to kill the aboveground 
plant as well as the perennial growth. The herbicides tested were all effective in the control of chaff flower when 
sprayed as a 2% solution in water. A non-ionic surfactant can be added to the solution to help herbicide absorp-
tion by the plant. Always read and follow the herbicide label. If making applications near standing water, aquatic-
safe herbicides and surfactants must be used and an EPA NPDES permit may need to be obtained. Take every 
precaution to prevent impact to non-target plants in sensitive forestry sites. Aminopyralid may damage legumi-
nous trees and certain evergreens. Applicators may exceed the 7/14 fl. oz./acre rate limit if not careful. Off-
target drift should always be a concern regardless of the chemical. Always read and follow the herbicide label; 

the label is the law.  

Activities such as hiking and hunting can spread chaff flower seed. Make sure to 
thoroughly clean all seeds off of your clothing, equipment and pets if you are 
hiking, camping, or hunting in an area where this species occurs.  
 
Reporting 
If you find any populations of Japanese chaff flower, please contact the River to 
River CWMA (618-998-5920; rtrcwma@gmail.com) or your local extension 
office, and alert other land managers in your area. Use resources like EddmapS 
(www.eddmaps.org) to check the current distribution of this species and to   
report any populations that you come across.  
___________________ 
Citation: Schwartz LM, KM Smith, C Evans, KL Gage, DJ Gibson, and BG Young. 2015.  Fact Sheet: 
Ecology and Control of Japanese Chaff Flower [Achyranthes japonica (Miq.) Nakai]. http://
www.rtrcwma.org/Chaff_FactSheet.pdf 
 
The authors would like to acknowledge Southern Illinois University, Carbondale and the Department of 
Plant Biology for their support; as well as, Dow AgroSciences and Cypress Creek National Wildlife   
Refuge for chemicals.  

Chemical Name Trade Name  Aquatic Safeness Herbicide Selectivity Manufacturer 

2,4-D ester Various Do not apply to 
standing water 

Selective: Broadleaf Various 

triclopyr amine Various Labeled for 
aquatic use 

Selective: Broadleaf Various 

glyphosate Various Some labeled for 
aquatic use 

Nonselective Various 

aminopyralid Milestone 
Specialty®  

Do not apply to 
standing water 

Selective: Broadleaf Dow AgroSciences LLC Indianapolis, IN 
www.dowagro.com 

triclopyr and flu-
roxypyr 

PastureGard 
HL®  

Do not apply to 
standing water 

Selective: Broadleaf Dow AgroSciences LLC Indianapolis, IN 
www.dowagro.com 

aminopyralid and 
metsulfuron 

Opensight 
Specialty®  

Do not apply to 
standing water 

Selective: Broadleaf Dow AgroSciences LLC Indianapolis, IN 
www.dowagro.com 

Japanese chaff flower seedling. 

Close up of leaf orientation and seed 
head (Photo by Chris Evans). 

Infestation of Japanese chaff flower. 

http://www.eddmaps.org
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Achyranthes japonica (Miq.) Nakai
• Amaranthaceae
• Perennial
• Herbaceous 
• Reaches 3 meters tall
• Native range: Korea, Japan and 

China
• Habitat: Marshes, wetlands and 

rice paddies
• Used and studied in Asian food and 

drug industry
• Continual germination

(Evans 2010, Evans & Taylor 2011, Schwartz 2014)



Achyranthes japonica

• Previous ecological studies
� Invasive on Korean Island (Pearson 2010, Choi et al. 2010)
� Entangling native Swinhoe’s storm-petrels

• Mode of Transport
� Epizoochory

� 2 stiff bracts on seed
� Attaches to fur, feather, clothing

� Hydrochory
� Population following river floodplains

• Allelopathy
� Korean rice paddy weed
� High levels of phenol (Kim 1993)

Dan Pearson



Achyranthes japonica
• Previous ecological studies

� Invasive on Korean Island (Pearson 2010, Choi et al. 2010)
� Entangling native Swinhoe’s storm-petrels

• Mode of Transport
� Epizoochory

� 2 stiff bracts on seed
� Attaches to fur, feather, clothing

� Hydrochory
� Population following river floodplains

• Allelopathy
� Korean rice paddy weed
� High levels of phenol (Kim 1993)

• Reproduces
� Seeds
� Rhizomes

Travis Neal
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Current Distribution



1981 Martin 
County, KY

1995 Louisville, KY

2008 Massac 
County, IL

2011 Mississippi 
County, MO
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Gibson Lab

• Currently the only lab studying A. japonica



Gibson Lab Research on A. 
japonica

• Seed viability/germination rate
• Vector transport
• Susceptibility to herbicides
• Effects of herbivory
• Population dynamics
• Use of resources
• Competitive effects/responses



Research: Lindsay Shupert

• 57% seedling survivorship
• 98% germination; high fecundity

Achyranthes japonica
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• Dispersal vectors
– White tailed deer 
– Turkey feather
– Clothing

Research: Travis Neal 

A. japonica seed





Research: Katie Smith

• Herbicide titration on plants with 3 nodes
• 6 herbicides
• Field and greenhouse experiments



Herbicide Active 
Ingredient

Mode of Action Field Rate Used 
(2% equivalent)

Radar LV® 2,4-D Ester Synthetic Auxin 1,264.91 g ai/ha

Element 3A 
Specialty®

Triclopyr Synthetic Auxin 1009.123 g ai/ha

Bullzeye® Glyphosate Amino Acid 
Synthesis Inhibitor

1,345.40 g ai/ha

Milestone 
Specialty®

Aminopyralid Synthetic Auxin 672.8 g ai/ha

PastureGard 
HL®

Triclopyr + 
Fluroxypyr

Synthetic Auxin+ 
Synthetic Auxin

1,345.68 g ae/ha

Opensight 
Specialty®

Aminopyralid + 
Metsulfuron

Synthetic Auxin+
Amino Acid 

Synthesis Inhibitor

240.36 g ae/ha



Results
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Research: Lauren Schwartz

Total Nitrogen (mg)
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Research: Lauren Schwartz
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Aboveground Biomass

C=Control WH=Waterhemp (A. rudis)
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Belowground Biomass
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Response to Soybeans: Height 
(cm)

Amaranthus palmeri
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Achyranthes japonica
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Mycorrhizal? Ashley Bergman

Putative hyphae.
X1000 Trypan blue stain.

Putative vesicles.
X400 Trypan blue stain.



What We Know
• ~95% germination rate/60% survival rate 
– Depends on previous year’s weather

• High fecundity (132 ± 20 seeds per plant) 
• 2% herbicide solution achieves complete plant 

death in field
• Regrows at the 3 node stage
– Becomes perennial VERY early

• Increased N and light = increased biomass
• Uses resources comparably to agriculture weeds
– But not a strong competitor with crop present

• Mycorrhizal? Allelopathic?



Ongoing Research
• Population dynamics

• Morphological variation 
across invaded range

• Lightwave filtration 
(Christa Shen, REU)

• Competitive 
effects/responses



If all else fails…Remember 
this!

• A. japonica seed attaches to everything!
– Seed produced in the fall (hunting/hiking)

• High fecundity/viability
– EDRR

• Herbicide IS an effective                             
control method
– Very low use rate (2% of 1x                                    

field rate)
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Using integral projection models to compare population dynamics
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Abstract Demographic processes, such as survival,
growth, and reproduction, can inform us about invasion

risk, extinction risk, and trade-offs in life history strate-

gies. The population dynamics of four Amaranthaceae
species in southern Illinois, USA were examined using

integral projection models (IPMs) to determine whether

vital rates reflect life history among these closely related
species. Two of the species, Amaranthus palmeri and

Amaranthus tuberculatus, are summer annuals and con-

sidered to be some of the most problematic agricultural
weeds in the US Midwest. Achyranthes japonica is a

relatively new invasive exotic species that primarily

inhabits forests. Iresine rhizomatosa, is an endangered
species in the study area, which also inhabits forests. Two

populations of each species were studied from 2012 to

2014 in which height of individuals were measured and
used as the state variable in the IPMs. The Amaranthus

species and Achyranthes japonica had an estimated pop-

ulation growth rate[1, projecting increases in population
size. By contrast, k was\1 for I. rhizomatosa, projecting

a decline in population size demonstrating its endangered
status. Germination rates and seed viability were depen-

dent on species and varied over time. Elasticity analyses

showed that survival and growth contributed most to k for

the perennial species; whereas, for the annual species
population dynamics were driven primarily by fecundity.

Overall, Achyranthes japonica and the Amaranthus spe-

cies show similar trends in demographic processes that
align with their invasive nature and not with their life

histories. Furthermore, this study demonstrates that more

research on the competitive nature of Achyranthes
japonica is needed.

Keywords Amaranthaceae ! Demography ! Exotic
species ! Invasive species ! Matrix modeling

Introduction

The population dynamics of invasive species differs from

that of endangered species. Some common characteristics
that invasive species have include: broad-niched, self or

wind pollination or non-specialized pollinators, rapid

growth to reproductive maturity, high allocation of
resources to reproduction, ability to spread rapidly, prolific

vegetative reproduction, an ability to outcompete native

species, and a rapid response to resource availability
(Baker 1965; Bazzaz 1986; Simberloff et al. 1997;

Sutherland 2004). Few invasive species possess all or most
of these characteristics. Possession of these characteristics,

however, does not necessarily mean that a plant will

become invasive (Sakai et al. 2001). By contrast, rare and
endangered species may exhibit life history characteristics

associated with low fitness (Vitousek et al. 1996; Sakai

et al. 2001).
Demographic processes, such as survival, growth, and

reproduction, can inform us about invasion risk, extinc-

tion risk, and trade-offs in life history strategies.
Demography links the processes that affect individuals to

Electronic supplementary material The online version of this
article (doi:10.1007/s10144-016-0537-2) contains supplementary
material, which is available to authorized users.
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population and community level patterns (Merow et al.

2014). The diversity of life history characteristics asso-
ciated with a species are the result of long evolutionary

responses to natural selection over large scales. Studies of

closely related species, such as species in the same family,
may be informative in this respect (Boutin and Harper

1991).

The Amaranthaceae family contains important agri-
cultural weeds, invasive exotics, and rare native plants.

In the United States Midwest region, Amaranthus pal-
meri (S.) Watson and Amaranthus tuberculatus (Moq.)

Sauer have been widely established as two of the

prominent agricultural weeds. These species have many
characteristics that make them very successful weeds

including the ability to grow 2–3 m in height (Horak

and Loughin 2000; Trucco and Tranel 2011) and
extended seed germination and seedling emergence late

into the row-crop growing season (Hartzler et al. 1999).

Achyranthes japonica (Miq.) Nakai is a relatively recent
introduction spreading across the Ohio River Valley.

This perennial, C3 herb is native to Korea, China and

Japan (Sage et al. 2007; Choi et al. 2010; Evans and
Taylor 2011; Schwartz et al. 2016). Achyranthes

japonica is generally found in areas with some shade

and moist soil. However, the species can also grow in
drier areas in sun, and in densely shaded areas

(Schwartz 2014). Dense patches of Achyranthes japon-

ica have been found in bottomland forests, riverbanks,
field edges, and in ditches and swales (Evans and

Taylor 2011; Schwartz 2014; Schwartz et al. 2016).

Apart from anecdotal observations, little has been
reported on this species and only recently has an

aggressive educational campaign been launched to learn

more about this species. Iresine rhizomatosa Standl. is
classified as endangered in Illinois and Maryland and is

considered to be rare in Indiana (IDNR 1994; Gibson

and Schwartz 2014). Despite its endangered and rare
status, very little ecological work has been conducted

on this species (Gibson and Schwartz 2014).

We conducted a demographic study to examine the
population dynamics of four closely related species to

determine which vital rate(s) contributed most to popula-

tion growth rate to further understand whether the invasive
status or the life history of a species is the driving force

between the closely related species. We analyzed the

population dynamics of each species from 2012 to 2014
using integral projection models (IPMs). The objective of

this study was to evaluate the demographic patterns of each

of the four species using an IPM to compare vital rates. The
hypothesis was that the invasion status and not the life

histories of the species would drive the demographic pro-

cesses among these species.

Materials and methods

Study sites

Demographic observations were made at two sites per

species across southern Illinois. The sites were located
within 145 km of each other (Table 1). Variation occurred

in environmental factors over the three-year study. In 2012,

southern Illinois underwent a drought in which over the
growing season (May–October) only 3.3 cm of rainfall

occurred; whereas in 2013 and 2014, southern Illinois

received 9.1 cm and 9.9 cm, respectively, of rainfall (Na-
tional Weather Service records). In addition to the drought

year that was experienced in 2012, there were also slightly

higher mean temperatures in 2012 compared with 2013 and
2014. The mean growing season temperature in 2012 was

24 !C; whereas in 2013 and 2014, the mean growing sea-

son temperature was 22 !C both years.

Field methods

The two populations were monitored for three consecutive

years (2012–2014) at each site. Within each population, ten
1-m2 plots were established randomly in sites where the

species was known to be present in April 2012. Populations

of each species were pooled in an area of 200 m2. Overall
in 2012, we found, on average, 1334 individuals of

Achyranthes japonica (density: 35 ± 4 individuals/m2),

9564 individuals of Amaranthus palmeri (density: 77 ± 6
individuals/m2), 11,002 individuals of Amaranthus tuber-

culatus (density: 106 ± 11 individuals/m2), and 928 indi-

viduals of I. rhizomatosa (density: 9 ± 2 individuals/m2).
The density of individuals per m2 was 29 ± 4 for

Achyranthes japonica, 61 ± 5 for Amaranthus palmeri,

92 ± 9 for Amaranthus tuberculatus, 5 ± 1 for I. rhi-
zomatosa the following year.

Seedlings were tagged and monitored by taking node

counts every week throughout each growing season to
determine plant size and the following years where appli-

cable (i.e., the perennial Achyranthes japonica and I. rhi-

zomatosa). Height measurements were taken at the various
stages and used as the state variable. Adult plants were

further classified into reproductive and non-reproductive

plants. Individuals were followed for 3 years or until death.
Demographic parameters were measured each year weekly

from May to October. The difference in field season length

depended on weather conditions and seedlings were mon-
itored as soon as they emerged until after the first frost date

of that year.

Flowering was recorded in October of each year: each
plant was measured in terms of plant height, number of

nodes and stems as well as the inflorescence length and
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number of inflorescences. Seed number per plant was

determined by cleaning the seed to remove any chaff, then

counting ten lots of 1000 seeds per sample per site per
species (i.e., a total of 10,000 seeds per site which is

equivalent to 20,000 seeds per species), and finally

weighing the entire sample. The ten lots of 1000 seeds
were averaged to determine the final seed count.

Seed viability and germination tests were conducted for
each species at each site annually. To determine seed

viability, seed bags containing 100 seeds each were buried

in all plots, just below the soil surface at the end of each
growing season and were retrieved at the beginning of the

following growing season (Electronic Supplementary

Material (ESM)). Germination tests were performed by
hand seeding 10,000 seeds onto the soil surface in ten 1-m2

plots for each field population in the fall and counting the

number that germinated the following spring. The germi-
nation experiments resulted in an average germination rate

of 86 ± 4.2 % for Achyranthes japonica, 12 ± 2.8 % for

Amaranthus palmeri, 14 ± 2.2 % seeds for Amaranthus
tuberculatus, and less than 1 ± 0.3 % for I. rhizomatosa

(Table 2).

Data analysis

The implementation of IPMs requires calculating the
integrals, which is most practically conducted by applying

fine categorization (Crawley 2013; Metcalf et al. 2013).

The limits of integration were determined from the vari-
ance of growth (described in Easterling et al. 2000). The

maximum and minimum limits of integration was set by

adding or subtracting three standard deviations of the
growth increment based on the maximum and minimum

observed sizes. Alternative statistical relationships for

growth, survivorship, and fecundity as functions of plant

size were calculated, then model selection methods based

on the Akaike Information Criterion (AIC) were used to

determine which provided the best fit to the data. Finally,
for the analyses, we determined the population growth rate

(k), the P and F (Table 2) kernels, and the elasticity

analysis. For all years, the survival function s(z) was esti-
mated by logistic regression of survival on size z (Fig. 1).

Additionally, the mean number of offspring were estimated
from the germination trials (see ESM) and was fitted using

a Poisson linear regression on adult size (P\ 0.05 for all

years, Fig. 2). Models were fitted using the R package
IPMpack (Metcalf et al. 2013), and the significance of

nonlinear terms was tested using an ANOVA function with

a v2 test statistic (Metcalf et al. 2013). Additionally, year
effects were included in the model, but not site effects

since preliminary analyses indicated that there was no

significant difference among sites between species. The
P and F kernels are shown separately (Fig. 3) and not as

the full K kernel because the scales were so different and it

was difficult to visualize together when the full kernel was
implemented. Seasonal kernels were built, but there was no

difference in the trends between the seasonal and pooled

data kernels. Thus, the pooled kernels are shown.

Results

The population growth rates (k) for Achyranthes japonica,
Amaranthus palmeri, and Amaranthus tuberculatus were
all close to or greater than one for each census period

(Table 3). These values of k indicate that the populations

were growing. By contrast, Iresine rhizomatosa, however,
had k values less than one (2012: 0.53; 2013: 0.68) over

both annual transitions indicating that the populations were

in decline.

Table 1 Site characteristics for each species

Species Site name Location Soil typea Land cover Mean
temperature
(!C)b

Mean
precipitation
(cm)b

Achyranthes japonica Chestnut Hills 37!110N 89!030W Menfro silt loam Forest 22.9 7.5

Achyranthes japonica Cypress Creek 37!170N 89!060W Wheeling silt loam Forest 22.9 7.5

Amaranthus palmeri BRC: 9B 38!300N 89!500W Bethalto silt loam Agriculture field 24.5 8.6

Amaranthus palmeri Rend Lake 38!070N 88!540W Wynoose silt loam Agriculture field 23.4 7.2

Amaranthus tuberculatus BRC: T4 38!310N 89!500W Bethalto silt loam Agriculture field 24.5 8.6

Amaranthus tuberculatus DeSoto 37!470N 89!150W Hurst silt loam Agriculture field 23.5 7.3

Iresine rhizomatosa Beall Woods 1 38!200N 87!490W Birds silt loam Forest 23.9 8.3

Iresine rhizomatosa Beall Woods 2 38!210N 87!500W Birds silt loam Forest 23.9 8.3

Data pooled over years
a Source: USDA Soil Survey (2015)
b Source: National Weather Service (2015)
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The P kernel for Achyranthes japonica shows that size
at t ? 1 is not related to size at t, meaning that the small

plants are expected to grow a lot and the large plants

shrunk (Fig. 3a). The two Amaranthus species again
showed a similar result in that survivorship increased with

the growth of the plant (i.e., larger plants had a high sur-

vivorship) (Fig. 3b, c). The endangered I. rhizomatosa had
a similar P kernel to Achyranthes japonica in terms of

relatively little growth that occured from 1 year to the next

and that large-sized reproductive individuals had the

highest survivorship probabilities (Fig. 3d). Juvenile plants
seem to have the lowest survivorship. The Amaranthus

species, however, can reproduce over a wide range of plant

sizes; whereas, I. rhizomatosa needs to be large in size to
reproduce.

In this study, the survival/growth functions made a

greater contribution to k than the fecundity function. The
elasticity values varied among species and the Amaranthus

species showed similar results (Fig. 4). Achyranthes

japonica and the Amaranthus species had higher values,

Table 2 Mean fecundity of Achyranthes japonica, Amaranthus palmeri, Amaranthus tuberculatus, and Iresine rhizomatosa

Mean seeds/plant Mean germination rate Probability of

Seedling—Juvenile Juvenile—Adult Seed viability

Achyranthes japonica 331 0.86 0.67 0.72 0.93

Amaranthus palmeri 15,880 0.12 0.55 0.80 0.64

Amaranthus tuberculatus 63,441 0.14 0.48 0.77 0.71

Iresine rhizomatosa 1000 0.01 0.31 0.45 0.23

Measurements were averaged from 2012 to 2014 and pooled over sites per species. Overall, n = 300 plants/site (i.e., 2012 n = 50 plants/site,
2013 n = 100 plants/site, 2014 n = 150 plants/site)

a b

c d

Fig. 1 Fitting of survival function based upon 2013–2014 data for
a Achyranthes japonica, b Amaranthus palmeri, c Amaranthus
tuberculatus and, d Iresine rhizomatosa grouped over two sites per
species. The survival data are plotted (y-axis: 0 = death; 1 = sur-
vival) as a function of individual size x (plant height in cm). The
x-axis scales are different among the panels. The dots represent the

observed values and the lines represent the fitted values. The fitted
curve for each panel is as follows: a log(s/(1 - s)) = 1.23 ?
0.0156x (P\ 0.05), b log(s/(1 - s)) = 0.23 ? 0.044x (P\ 0.05),
c log(s/(1 - s)) = 1.06 ? 0.0267x (P\ 0.05), d log(s/(1 - s)) =
0.52 ? 0.0012x (P\ 0.05)
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than I. rhizomatosa, for the growth and survival transitions

of small and intermediate-sized individuals. Iresine rhi-
zomatosa, however, had high elasticity values for the

growth and survival transitions of largest sized individuals

had the best chance of survival compared with small,
young individuals. The elasticity values are shown for only

2013–2014 because the pattern was similar the prior year.

Discussion

The four closely related Amaranthaceae species showed

similar IPM outputs related to life cycle or invasiveness.
The two perennial species both had similar P and F kernels

showing that the largest plants were the drivers of survival.

The annual weedy Amaranthus species and the perennial
Achyranthes japonica, the invasive species, were similar in

survival from time t to time t ? 1 and in fecundity,

although they differ in their life histories. The similarities
between the invasive species and the annual life forms

provide insight into management and conservation efforts.

According to our results, the small-sized to intermediate-
sized individuals are the most critical for controlling

populations of the invasive species, which corresponds

with several other studies (especially in agriculture) (Horak
and Loughin 2000; Zimdahl 2004; Trucco and Tranel

2011). This early growth stage is imperative to the survival

of the endangered species as well. Understanding the
dynamics of these species individually can only enhance

our knowledge when comparing species within a family

and projecting the rate of population growth. This knowl-
edge allows land managers to be pre-warned about life-

stage sensitivity of a potential new invasive species coming
into an area. Thus, this knowledge allows some time to

develop an appropriate management plan.

There were however, differences in seedling density,
survivorship, and fecundity between species and years.

This response could be due, in part, to varying environ-

mental factors. In 2012, southern Illinois underwent a
drought in which over the growing season (May–October)

only 3.3 cm of rainfall occurred; whereas in 2013 and

2014, southern Illinois received 9.1 and 9.9 cm, respec-
tively (National Weather Service 2015). In addition to the

drought year that was experienced in 2012, there were also

higher mean temperatures in 2012 compared with 2013 and
2014. The mean growing season temperature in 2012 was

a b

c d

Fig. 2 Number of offspring as a function of individual size [plant
height (cm)], along with the fitted linear regression for the mean
number of offspring for a Achyranthes japonica, b Amaranthus
palmeri, c Amaranthus tuberculatus, and d Iresine rhizomatosa. Data
pooled over years. The fitted line for each panel is as follows:

a y = 85.77 ? 0.6861x (R2 = 0.609), b y = 4.45 ? 0.0026x (R2 =
0.247), c y = 48,000 ? 0.0012x (R2 = 0.027), d y = 0.143 ?
0.0197x (R2 = 0.157). The x- and y-axis scales are different among
the panels. The dots represent the observed values and the lines
represent the fitted values
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24 !C; whereas in 2013 and 2014, the mean growing sea-
son temperature was 22 !C both years. The small indi-

viduals were susceptible to drought, especially for I.

rhizomatosa. Thus, reallocation of plant resources for
survival, in terms of vegetative and root growth, rather than

fecundity likely occurred during these periods of

environmental stress (Grime 1979). Temperature is an
important ecological factor in determining species growth

and productivity. For example Amaranthus palmeri and

Amaranthus tuberculatus exhibit their highest germination
rate of 30 and 50 %, respectively, when mean air temper-

atures are at 25 !C (Guo and Al-Khatib 2003).

a

b

c

d

Fig. 3 The P (left panel) and F (right panel) kernels for a Achyranthes japonica, b Amaranthus palmeri, c Amaranthus tuberculatus, and
d Iresine rhizomatosa from 2013 to 2014. The lighter areas indicate the more likelihood of transition
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Habitat type and management strongly influences plant

performance (Schwartz et al. 2016). Although causes of
mortality were not recorded, disturbances such as flooding,

herbicide drift, herbivory, and general human traffic

resulted in high mortality of individuals at some sites.
Furthermore, the endangered status of I. rhizomatosa is

enhanced by anthropogenic disturbances. These types of

disturbances have also increased seedling mortality for
other endangered species, such as Mammillaria gaumeri

(Britton & Rose) Orcutt, by altering the composition of the
surrounding plant community and fragmenting its already

restricted habitat (Ferrer-Cervantes et al. 2012).

The population growth rate for three of the study species
was greater than one, which was expected for agricultural

weeds and an invasive species. Lower lambdas (k), as seen
in the I. rhizomatosa populations, during some years can be
attributed partially to the higher mortality of individuals in

those years, which relates to its endangered status. For

example, in 2012, there was a higher mortality, than in
other years, for all species due to the extreme drought in

southern Illinois. In the following years, the population

remained more stable than in the previous year.
Elasticity analysis on the whole IPM kernel includes

survival, growth, and reproduction and has been used to

separate these demographic functions to k from different
size classes (Easterling et al. 2000). In general, the vital

rates are affected by k the most due to the larger proportion

of the stable stage distribution. However, this is altered by
the assumption that smaller plants contribute almost no

recruits to the next generation (Childs et al. 2004). The

elasticity values in this study show that population growth

a

b

c

d

Table 3 Lambda values (k) for the period 2012–2014 for all species

k

2012–2013 2013–2014

Achyranthes japonica 1.37 1.79

Amaranthus palmeri 1.15 1.22

Amaranthus tuberculatus 0.97 1.18

Iresine rhizomatosa 0.53 0.68

Pooled over sites. Overall, n = 300 plants/site (i.e., 2012 n = 50
plants/site, 2013 n = 100 plants/site, 2014 n = 150 plants/site)

cFig. 4 Elasticity surfaces for the integral projection model fitted
a Achyranthes japonica, b Amaranthus palmeri, c Amaranthus
tuberculatus, and d Iresine rhizomatosa from 2013 to 2014. The x-
and y-axis scales [plant height (cm)] are different among the panels.
The lighter areas indicate the importance of reproduction and
transitions of individuals into the reproductive size classes (the
smaller size in year t ? 1 than in year t indicates production of
offspring) to k
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of I. rhizomatosa and the Amaranthus species depends

strongly on the retention and survival of larger individuals;
whereas, growth of Achyranthes japonica populations are

affected most by demography of smaller individuals. Our

current knowledge of Achyranthes japonica and I. rhi-
zomatosa demography is limited to two sites with different

data on growth, survival, and fecundity (Gibson and

Schwartz 2014; Schwartz et al. 2016). There continues to
be a need to more widely measure and model the demog-

raphy of these closely related species to make generaliza-
tions about vital rates.

As this study demonstrates, the invasive nature of a

species and not its life history is a driving factor of pop-
ulation growth rate. Furthermore, this study provides

insight into the population dynamics of four closely related

species in which two of the species are poorly studied.
More research is needed on the population dynamics of

these species and how these closely related species interact

with one another. Using more sites across different states
would greatly add to what little information is known about

the population dynamics of these species, especially

Achyranthes japonica and I. rhizomatosa.
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Life history of Achyranthes japonica (Amaranthaceae): an invasive
species in southern Illinois1

Lauren M. Schwartz2, David J. Gibson3, and Bryan G. Young4
Department of Plant Biology, Center for Ecology, Southern Illinois University, Carbondale, IL 62901-6509

Abstract. Achyranthes japonica (Miq.) Nakai (Japanese chaff flower) is a relatively new, invasive species to
the United States, with limited information on its life history characteristics. The purpose of this study was to
assess the importance of seed survivorship in the soil of A. japonica and to compare survivorship, fecundity,
and morphological characteristics within populations at two different sites, Chestnut Hills Nature Preserve
(CH) and Bellrose Waterfowl Reserve (BWR), in southern Illinois. Plots were established at each site to
determine seed viability by burying seed bags over each of three winters (2012 to 2014) to quantify seedling
emergence in the latter 2 yr (2013 and 2014) and to monitor survival of three cohorts of 50 seedlings per site
starting in 2012, 2013, and 2014. In addition, 20 reproductive adults were selected outside of the plots to
determine average fecundity and to measure a suite of morphological characteristics. Environmental factors
had a significant effect on seed viability, which decreased from 2012 to 2013 during a drought year and
rebounded from 2013 to 2014 following flooding. On average, individuals at the CH site had higher
performance and fecundity when compared with individuals at BWR, regardless of year. Additional
differences among the sites, such as dryness, disturbance, and species composition, most likely affected plant
performance (i.e. plant height, number of nodes and stems, and inflorescence length). Regardless of high
between-population variability, this invasive species has high fecundity, high seed viability, and high
propagule pressure that allow rapid spread and expansion of its invasive range. More research is needed on
the soil seedbank, seed dormancy, and the effects of stress, which will allow more-informed methods of
control.

Key words: Achyranthes japonica, invasive species, seedling establishment, seed viability, survivorship

Invasive species are an ever-increasing threat to
natural plant communities (Simberloff et al.
2005). In Illinois, nonnative species make up
about 33.6% of the flora, and many of those are
invasive, posing a serious threat to natural areas
(Mohlenbrock 2014). Demographic processes,
such as survival, growth, and reproduction, can
inform us about potential invasion risks, extinc-
tion risks of native species, and trade-offs in life
history strategies. Long-term dynamics of plant
invasions and their effects on the surrounding na-
tive plant community and ecosystem may be

determined by these demographic processes.
The diversity of life history characteristics associ-
ated with a species is the result of long evolution-
ary responses to natural selection over large
scales (Merow et al. 2014). Thus, understanding
the life history characteristics of invasive species
is fundamental for land managers to develop
management and control methods (Meyers and
Bazley 2003).

Japanese chaff flower, Achyranthes japonica
(Miq.) Nakai (Amaranthaceae) is an exotic
species, originally from Japan, Korea, and
China (Jussien 2014), which is relatively new
to North America, where it was first discovered
in 1981 in Martin County, KY (Medley et al.
1985). Since then, this species has been found
in virtually every county along the Ohio River
down to the Mississippi River confluence and
has been spreading up the Ohio River’s
tributaries. By 2015, this species had been con-
firmed in nine states (West Virginia, Tennessee,
Kentucky, Indiana, Ohio, Illinois, Missouri,
Alabama, and Georgia) and more than 50
counties (EDDmapS 2015). The actual distri-
bution of A. japonica is most likely much great-
er. The lack of public awareness limits
knowledge of this species distribution. The pri-
mary mode of dispersal is through water and
animals (L.M.S., personal observation).

Management tactics are lacking forA. japon-
ica primarily because of poor public awareness
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and the lack of literature on this relatively new
invader. In addition, few ecological studies
have been conducted on A. japonica. Many of
the ecological studies on A. japonica in the
United States have been strictly observational
(Medley et al. 1985; Evans and Taylor 2011;
Schwartz et al. 2015) with one quantitative
study (Smith 2013), to our knowledge. Previous
studies outside the United States have reported
the dispersal of A. japonica seeds by migratory
birds on Korean islands (Choi et al. 2010) and
allelopathic and antimicrobial properties (Kim
1993, Kim et al. 2004).

The overall objective of this research was to
assess the importance of seed survivorship in
the soil for A. japonica and to compare survi-
vorship, fecundity, and performance measure-
ments between populations at two different
sites in southern Illinois.

Materials and Methods. STUDY SPECIES.
Achyranthes japonica is a perennial, herbaceous
species that can grow up to 3 m tall. This spe-
cies becomes established as a perennial, capable
of regrowth, at an early growth stage (three
or four nodes) (Smith 2013). The leaves of
A. japonica are opposite and simple. The stem
is at ground level, and the nodes have a reddish
hue, which is a characteristic consistent with
other members of the Amaranthaceae family.
The flowers occur on erect inflorescences at
the end of the stems and upper branches (Evans
and Taylor 2011). The flowers, which have five
reflexed tepals (Flora of North America 2015)
or sepals (sensu Mohlenbrock 2014), occur in
tight clusters and diverge at nearly right angles.
As the fruits mature, the spikes elongate, and
the fruits lay flat against the inflorescence
branches. The fruits have two stiff bracts that
help in dispersal by attaching to various materi-
als, such as clothing, hair, and animal feathers
or fur (Schwartz et al. 2015). Plants browsed
by deer or damaged by insects will resprout
and overcompensate in growth and seed pro-
duction (Smith 2013). Achyranthes japonica
can be found growing in areas with partial
sun and moist soils, but it can also grow in
heavily shaded and dry areas (Evans and Tay-
lor 2011, Schwartz 2014). Populations of this
species have been found in various habitats,
including bottomland and upland forests, river-
banks, agricultural field margins, and roadside
ditches.

Achyranthes japonica starts growing in late
spring and flowers in the late summer but can

continue to develop flowers into the early fall.
Flowers can still form when the seeds mature
in the mid to late fall (Schwartz et al. 2015).
Plants typically die off in the late fall or early
winter, but the dead plant stand can remain
erect even into the winter. Dense populations
of A. japonica allow very little to grow under-
neath them (L.M.S., personal observation) dis-
placing native plant species.

EXPERIMENT SITES. The primary focus of this
study was on two abundant populations of
A. japonica at the Bellrose Waterfowl Reserve
(BWR) in Union County, IL, and Chestnut
Hills Nature Preserve (CH) in Pulaski County,
IL. Both sites have some plant species in com-
mon but differ in habitat type. The BWR is
considered a bottomland hardwood forest or
wetland and the CH is an upland forest that is
located near the Ohio River and receives
some flooding in lowland areas.

The BWR (37u179N, 89u069W) site is a part
of the Cypress Creek National Wildlife Refuge
found within the Cache River wetlands system.
The population studied was within 15 m of the
banks of the Cache River (Smith 2013). This
site was historically bottomland hardwood for-
est (McLane et al. 2012). Regular flooding
occurs at BWR, primarily through the winter
and spring seasons, creating scour on the forest
floor and allowing only minimal organic mat-
ter accumulation. The soil type is a wheeling
silt loam (USDA Soil Survey 2015). Hardwood
trees, such asQuercus L. spp. (oak) and Acer L.
spp. (maple), dominate the canopy with a large
amount of Taxodium distichum (L.) Rich. (bald
cypress) (McLane et al. 2012, Smith 2013).
Dominant, ground layer species found within
the A. japonica population, include Toxicoden-
dron radicans (L.) Kuntze (eastern poison ivy),
Urtica dioica L. (stinging nettle), Tradescantia
L. spp. (spiderwort), and Polygonum hydropi-
peroides Michx. (swamp smartweed).

The CH (37u119N, 89u39W) site is an 86-ha
upland forest (IDNR 1994). This preserve has
several unique features, which include a rare,
eroding, river bluff community and several
rare plants and animals (i.e. Halesia diptera
Ellis [two-wing silverbell],Desmognathus fuscus
Conanti. (dusky salamander]), and wintering
bald eagle [Haliaeetus leucocephalus L.]. This
upland forest has a Menfro silt loam soil
(USDA Soil Survey 2015). The overstory com-
munity is dominated by Fagus grandifolia
Ehrh. (American beech), Quercus rubra L.
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(northern red oak), and Acer saccharum Mar-
shall (sugar maple), whereas the understory
community is dominated by A. japonica, T.
radicans, and U. dioica.

POPULATIONS AND PLOT ESTABLISHMENT. At
each site, a population of A. japonica was sam-
pled for 3 consecutive yr (2012 to 2014). Within
each population, 10 plots (1-m2 each) were
established in October/November. In addition
to the annually established plots, the previous
years’ plots remained for observations (i.e.
2012, 10 plots site−1; 2013, 10 new plots site−1

+ 2012 plots site−1 [n 5 10; total 5 20]; 2014,
10 new plots site−1 + 2012 and 2013 plots
site−1 [n 5 20; total 5 30]). Additionally, five
seedlings per plot (for a total of 50 plants
site−1 yr−1) were tagged and monitored by tak-
ing node counts every 2 wk throughout each
growing season and the following years where
applicable. Tagged plants were classified into
stage groups based on node counts: 1 to 4
nodes were seedlings, 5 to 7 nodes were
juveniles, and 8+ nodes were adults. Adult
plants were further classified into reproductive
and nonreproductive plants. Mortality was
recorded, but the reason for mortality was not
determined (i.e. mammal browsing or natural
death from environmental conditions). The
same tagged plants were monitored the follow-
ing years.

SEEDLING EMERGENCE. Achyranthes japonica
occurred in the plots established in 2012. In
subsequent years, additional plots (same as
the established plots in “POPULATIONS AND

PLOT ESTABLISHMENT”) were seeded in Octo-
ber/November to simulate natural seed rain
and the overwintering of seeds (i.e. initial mea-
surements were made in 2012; in the fall of
2012, the plots for 2013 were established and
seeded). Seeds were collected from plants at
each site to use for the seeded treatment plots.
Seven of the 10 plots (seeded treatment plots)
were each seeded with 1,000 seeds, and the
remaining three plots were not seeded and are
considered unseeded controls. These unseeded
control plots did not previously have the A.
japonica present in the plots. Sites were moni-
tored weekly from March until seedlings
emerged. The number of seedlings and
regrowth of plants from previous years were
then recorded within each plot every other
week until after the first frost date of that
year. The 2012 field season ran from April 1

through November 2 (216 days), whereas the
2013 and 2014 field seasons ran from June 16
through October 16 (122 days) and from May
23 through September 13 (113 days), respec-
tively. The difference in field season length
depended on weather conditions, and seedlings
were monitored as soon as they emerged
until after the first frost date of that year.
Sites were monitored weekly until seedlings
emerged.

SEED VIABILITY. Seed bags each containing
100 seeds each were buried in all 10 plots, re-
gardless of seeding, just below the soil surface
at the end of each growing season and were re-
trieved at the beginning of the following grow-
ing season. Seed bags were kept in place in the
soil by the wire from a stake-wire flag, which
also aided in retrieval of the bags. The retrieved
seeds were tested for viability using a tetrazoli-
um test (1% 2,3,5-triphenyl-2H-tetrazolium
chloride fromMP Biomedicals). The seed coats
and surrounding bracts were removed, and the
seeds were dampened in a wet paper towel over
night. The next day, a dissecting pin was used
to puncture the seed coat under a dissecting mi-
croscope. Then, the seeds were placed in a dark
place in a petri dish to soak in the tetrazolium
solution overnight. The following day, the
seeds were observed under the dissecting micro-
scope to determine viability. Seed viability was
based on the amount of dark-purple–stained
areas, which indicated living tissue. However,
light-pink areas represented unstained, dead
tissue (Grabe 1970). More than half of an indi-
vidual seed had to be stained dark purple for
the seed to be considered living.

PLANT PERFORMANCE. Flowering of A. japon-
ica was measured each year at each site. Mor-
phological characteristics and fecundity of 20
different randomly selected flowering plants
outside of plots was recorded each year. Seed
production was assessed by counting the seeds
on the 20 randomly chosen plants. In all years,
each of the 20 plants was measured and the
height, inflorescence length (cm), and number
of nodes, stems, and inflorescences were
recorded. Density of plants per site and year
were determined by counting individuals in
five additional randomly selected 1-m2

quadrats.

DATA ANALYSIS. The percentage of seeds that
emerged was estimated from the data in Fig. 1.
Seeded plots at each field site each had 1,000
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seeds added, whereas no seeds were added to
unseeded plots. The difference between the
numbers of seedlings emerging in seeded plots
vs. unseeded plots represents an estimate of
how many, out of 1,000 added seeds, germinat-
ed and emerged. A two-way mixed model (SAS
Institute 2003) was used to determine the
effects of site and year on performance mea-
surements (plant height, number of nodes,
number of stems, inflorescence length, and
number of inflorescences) and seed viability
and fecundity. Seedling emergence was ana-
lyzed using a repeated-measures mixed model
in SAS (Proc Mixed, SAS Institute 2003) to
determine significant differences in site or
year. Significance was assessed at P , 0.05. A
Tukey’s test was used to determine significant
differences among means.

Results. All of the interactions between A.
japonica sites and the variables measured
(Table 1) were significant, which indicates
that the pattern of change from 2012 to 2014
at CH differed significantly from the pattern
of change in the variables at BWR. Overall,
the density of plants at CH was 53% greater
than it was at BWR (mean 6 SE; CH: 22.6 6
3.7 m2; BWR: 12.0 6 2.0 m2). The density of
plants was extremely low in 2013 at BWR,
when vegetative size measurements (plant
height, number of nodes, number of stems)
peaked (Table 1). In contrast, density at CH
remained moderate in 2013, and plant size
measurements were similar to, or slightly lower
than, those in 2012. Inflorescence length shows
a similar pattern to plant height, number of

nodes, and number of stems, increasing signifi-
cantly from 2012 to 2013 at BWR but not at
CH. The difference in density between the two
sites over the 3 yr (moderate, moderate, high
at CH vs. moderate, low, high at BWR) may
have driven the differences in plant-size
measurements.

Twenty different plants were chosen for fe-
cundity measurements each year. Fecundity
differed among years (Table 1), with an annual
increase regardless of site. There was about
a five times increase from 2012 to 2014, regard-
less of site. However, the inflorescence number
(4.3 6 1.1) and average length (CH: 10.0 6
1.7 cm; BWR: 13.7 6 3.2 cm) changed little.
All these factors increased somewhat from
2012 to 2014, and thus, they have a multiplica-
tive effect on fecundity.

Seed viability had a highly significant inter-
action between year and site (P 5 0.0021)
(Table 1). Regardless of site, there was a decline
in seed viability from 2012 to 2013, followed by
an increase in 2013 to 2014. Although this pat-
tern in seed viability between sites seems simi-
lar, the proportional drop from 2012 to 2013
was greater at BWR than CH. Furthermore,
the rebound in seed viability from 2013 to
2014 was also proportionately greater at BWR.

Seedling emergence showed a highly signifi-
cant interaction between seeding treatment
and year at each site (P 5 0.0001) (Table 1;
Fig. 1). In unseeded plots at CH, a mean of
17.5 6 2.5 seedlings m−2 emerged in 2013 and
4.1 6 0.9 seedlings m−2 emerged in 2014. In
seeded plots, seedling emergence at CH in-
creased from a mean of 20.4 6 2.7 seedlings

FIG. 1. Emergence of Achyranthes japonica at (a) Chestnut Hills Nature Preserve (CH) in 2013 and 2014,
and at (b) Bellrose Waterfowl Reserve (BWR) in 2014. Zero seedlings emerged at BWR in 2013. Mean values
with the same letters are not significantly different at a 5 0.05.
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m−2 in 2013 to 52.5 6 5.1 seedlings m−2 in
2014 (Fig. 1a). The BWR site, however, had
no emergence in 2013 and had a mean of 19.3
6 2.7 seedlings m−2 emerge in the seeded plots
in 2014 with 9.7 6 1.4 seedlings m−2 emerging
in the unseeded plots (Fig. 1b).

End of growing season survivorship of
tagged seedlings was much lower at BWR
than it was at CH in each of the three cohorts
throughout the 3 yr (Table 2; Fig. 2a). Addi-
tionally, the highest seedling survival to repro-
duction was at CH, regardless of the year the
seedlings were initially tagged. At both sites,
regardless of year, seedlings that survived be-
came reproductive at the end of the growing
season.

Discussion. A simple, schematic model sum-
marizing the seed dynamics of A. japonica was
developed based on our observations of seed
viability, seedling emergence, seedling survival
to reproduction, and plant fecundity from
both sites (Fig. 3). This model shows that there
is a large potential input of A. japonica seeds
into the seedbank from reproductive plants,
but only a small percentage of seedlings ulti-
mately emerge from those seeds the following
spring (CH: 0.33%; BWR: 0.55%). However,
this low emergence of seedlings does not take
into account seed loss, which could be due to
seed predation, decay, dissemination, “hitch
hiking” on people or animals, or environmen-
tal factors, such as flooding. The longevity of
seed in the seedbank is unknown, and research
is needed to understand that part of the life his-
tory. This model provides context for the fol-
lowing interpretation of our results from CH
and BWR in 2012 to 2014.

Our study demonstrates the highly variable
nature of A. japonica plant performance within
and among sites and between years in southern
Illinois. The significant interaction between
sites and variables measured indicates that
morphological traits and population dynamics
of A. japonica show different patterns of year-
to-year change at different sites, even sites
that are in geographic proximity. This varia-
tion in performance of this invasive plant had
not been demonstrated quantitatively before
this study. However, a previous observational
study (Evans and Taylor 2011) reported rela-
tively similar seed viability (almost 100%) and
fecundity (16,000 seeds m−2) of A. japonica, al-
beit with a higher density of plants (70 plants
m−2). Variation in performance can be
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Table 2. Percentage of Achyranthes japonica seedlings that survived to reproduction (Number of seedlings
that survived to flower/Seedling mortality [m−2]) at Chestnut Hills Nature Preserve (CH) and Bellrose
Waterfowl Reserve (BWR) in southern Illinois from 2012 to 2014. Fifty seedlings were tagged and monitored
at each site for each of the 3 yr.

CH (%) BWR (%)

2012* 2013 2014 2012* 2013 2014

2012+ 62 (31/19) — — 52 (26/24) — —
2013 94 (29/2) 96 (48/2) — 65 (17/9) 56 (28/22) —
2014 76 (22/7) 77 (37/11) 100 (50/0) 76 (13/4) 68 (19/9) 60 (30/20)

* Indicates the establishment of original cohort of seedlings.
+ Indicates the year the original cohort was continually monitored.

FIG. 2. Seedling survivorship of Achyranthes japonica at (a) Chestnut Hills Nature Preserve (CH), and at
(b) Bellrose Waterfowl Reserve (BWR) in southern Illinois from 2012 to 2014. Fifty seedlings were tagged and
monitored at each site for each of the 3 yr. Closed circles 5 2012 cohort of seedlings that were followed
through the 2014 field season; open circles 5 2013 cohort of seedlings that were followed through the 2014
field season; closed triangles 5 2014 cohort of seedlings.
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partially attributed to environmental factors.
In 2012, southern Illinois underwent a drought
in which, over the growing season (May–Octo-
ber), 33 cm of rainfall occurred, whereas in
2013 and 2014, southern Illinois received 47
cm and 54 cm, respectively, of rainfall (Nation-
al Weather Service [2015] records, Paducah,
KY [64 km from sites]). In addition to the
drought year that was experienced in 2012,
there were also higher mean temperatures in
2012 compared with 2013 and 2014. The
mean growing season temperature in 2012
was 25 uC, whereas, in 2013 and 2014, the
mean growing season temperature was 22 uC
both years. Both of these environmental factors
likely increased plant stress in 2012, which is
potentially why fecundity and seedling survi-
vorship were lowest, regardless of site, in
2012, compared with the following years. A di-
rect effect of the reduction in fecundity was seen
in the low seed viability in 2013, which could
partly account for the lack of seedling emer-
gence at BWR in 2013. Also, the young seed-
lings were susceptible to the 2012 drought.
Thus, reallocation of plant resources for

survival, rather than fecundity, likely occurred
during this time (Grime 1979). Several previous
studies report variable performance of invasive
species related to environmental stress. For ex-
ample, Gibson et al. (2002) showed that the in-
vasive exotic grass Microstegium vimineum
(Trin.) A. Camus (Nepalese browntop) had de-
creased fecundity in drought years. Additional-
ly, an experiment on the invasive annual
Anthriscus caucalisM. Bieb. (bur chervil), dem-
onstrated that survival varied among types of
communities that this species was invading be-
cause fecundity of the A. caucalis was lowest
in grazed sites (a trampling effect) (Wallace
and Pranther 2013).

Habitat type was another variable that could
have influenced plant performance because the
BWR population was located within 15 m of
the banks of the Cache River, which was stag-
nant with a high risk for flooding. In 2011
and 2013, this site was heavily flooded with
low species diversity and a lot of bare ground
(Smith 2013). Frequent disturbance at BWR
led to compacted soils and bare ground that
could have depressed A. japonica germination

FIG. 3. Schematic model illustrating seed dynamics of Achyranthes japonica at (a) Chestnut Hills Nature
Preserve (CH) and (b) Bellrose Waterfowl Reserve (BWR) from 2012 to 2014. Values are calculated from data
presented elsewhere in this article. Seed loss represents the difference between estimated fecundity and the
estimated number of seeds in the soil and represents undetermined seed losses, including dispersal off-site via
animals and flooding, seed mortality, and incorporation of viable seed into the long-term, permanent seed
bank. Survival of nongerminating seeds and recruitment from long-dormant seeds is undetermined and
indicated by a question mark (?).
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or seedling emergence. The lack of plant com-
petition, however, allowed for greater avail-
ability of resources, which, in turn, may have
allowed existing A. japonica plants to grow tal-
ler at BWR than they did at CH. The BWR
plants had reduced fecundity compared with
plants at CH, possibly because of lower light
levels and more-frequent environmental (i.e.
flooding, scouring, and compaction) and ani-
mal disturbance (i.e. herbivory), but were ex-
posed to limited anthropogenic disturbance.
The CH site was located in a forest that had
higher species diversity than found at BWR
and had limited anthropogenic or environmen-
tal disturbance. Because the CH is “land-
locked” by surrounding private land on three
sides and the Ohio River to the south, it is not
easily accessed by the public, and the site is
rarely used. The presence of the state endan-
gered dusky salamander (Desmognathus fuscus)
also limits disturbance at CH because the site is
protected.

Achyranthes japonica has shown the ability
to resprout and overcompensate in areas that
are browsed or mowed (Smith 2013, Schwartz
et al. 2015), which allows for an increase in
seed output. Little information is known about
A. japonica’s ability to persist in the soil seed-
bank. However, from our study, and from oth-
er studies conducted on other species in the
Amaranthaceae family (McWilliams et al.
1968), it can be hypothesized that, with its large
seed size, A. japonica seeds may not persist in
the soil as long as smaller-seeded members of
the Amaranthaceae family (Baskin and Baskin
2014). Large-seeded species may show en-
hanced survival during seedling establishment
compared with small-seeded species (Moles
and Westoby 2004). Thompson et al. (1993)
proposed a method to predict seed persistence
in the soil based on the variance of fruit length,
width and depth, and weight. Accordingly, we
examined 50 randomly chosen A. japonica
fruits (25 from each site) and determined
a mean weight of 126 mg and a total variance
of 0.207 (L.M.S., unpublished data), implying
seed persistence in the soil seedbank for less
than 5 yr.

Seedling survivorship at both sites in 2012
appeared to exhibit a type II survivorship
curve, which indicates a constant mortality
risk throughout the life of the cohort (Gibson
2014). This type of survivorship curve is typical
for some herbaceous, perennial plant species
(Gibson 2014). For example, Meyer and

Schmid (1999) found a type II survivorship
curve for the perennial invasive species Solida-
go altissima L. (Canada goldenrod) when
determining the transitions between various re-
productive stages to assess colonization poten-
tial to new habitats by seed. Survivorship in
2013 and 2014 appeared to be moving more to-
ward a type I survivorship curve, which indi-
cates that mortality risk increases as the
maximum life span is reached (Gibson 2014).
The constant mortality risk associated with
2012 is more than likely due to the extreme
drought that southern Illinois underwent. Early
season conditions, in 2013 and 2014, were con-
ducive for seedling survivorship possibly be-
cause of a higher amount of precipitation,
than in 2012, and a colder winter, which could
be important for the seeds in the soil seedbank.
Understanding how the mortality of this spe-
cies couples with high fecundity, germination,
and seed viability provides a foundation to in-
vestigate the persistence and establishment of
A. japonica further. Thus, from our data, we
can conclude that land managers should prior-
itize managing the low-mortality younger
plants, which are otherwise less likely to die,
over adult plants. However, if plants reach the
adult stage, they should be managed before be-
coming reproductive (Gao et al. 2009). Al-
though percentage of emergence is low, this
species compensates for it with very high prop-
agule pressure and relatively high seed viabili-
ty. Populations of other successful invasive,
exotic species show both different and similar
patterns to that of A. japonica. For example,
M. vimineum had high levels of seedling emer-
gence and seed viability in an open sunny
lawn, but in the woods, both were low (Che-
plick 2010). Nuzzo (1999) reported thatAlliaria
petiolata (M. Bieb.) Cavara & Grande (garlic
mustard) had high propagule pressure of 48
m−2 and high germination rate of 94 to 99%
(Baskin and Baskin 1992). Furthermore, prop-
agule pressure has consistently been highly
correlated with invasion success (Colautti
et al. 2006).

Our study is, to our knowledge, the first to
empirically assess the invasibility of A. japonica
in general survivorship, fecundity, and perfor-
mance measures. Achyranthes japonica has
been the subject of relatively few investigations,
which justifies further research on the basic life
history characteristics and competitive abilities.
For example, this study showed that 19% to
36% of the viable seeds produced by mature
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plants in a year emerge as seedlings; this leads
to several additional questions: (a) what hap-
pens to the remaining seeds, that is, do they
persist in the existing seedbank or do they die;
(b) how long do seeds persist in the soil seed-
bank; and (c) how much does anthropogenic
disturbance truly affect this species. Further-
more, because A. japonica’s population behav-
ior varied so much between the two sites we
studied, it will be necessary to study A. japonica
at multiple sites to better understand the popu-
lation biology of this species. These additional
sites could include a variation in flooding and
disturbance. Alternatively, the study could be
extended at the current sites of this study to in-
clude more environmental variables, such as
light level, soil moisture, soil temperature, and
the correlation of flood events to mortality.

Achyranthes japonica is an aggressive inva-
sive species that quickly spreads and can invade
high-quality natural areas. We have already
seen it invade into the Cache River watershed,
which is considered the last remaining high-
quality wetland in southern Illinois (Suloway
and Hubbell 1994). The habitat type (CH: bot-
tomland hardwood forest; BWR: wetland)
and the overall site quality (CH: relatively
undisturbed, greater species diversity; BWR:
frequently flooded, lower species diversity) con-
tribute to the difference in results between sites.
Our data suggest that A. japonica can be
a threat to both habitats but is, potentially,
a greater threat to the higher species diversity
site than to the more-disturbed site. This con-
clusion is of great concern because invasive spe-
cies usually perform better in more-disturbed
areas (Jauni et al. 2015). How far this species
can spread, both geographically and into vari-
ous habitat types, remains unknown. More
knowledge is needed on this species to generate
an efficacious management strategy that can be
implemented to better control this species in the
future.
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Introduction
Invasive species have large ecological impacts on native
species, communities and ecosystems (Elton 1958;
Simberloff et al. 1997; Blackburn et al. 2014). There are
"50 000 invasive species and the number is steadily
increasing (Sakai et al. 2001). About 42 % of the species
on the threatened and endangered species list are at risk
primarily because of invasive species (Sakai et al. 2001;
Pimentel et al. 2005). For example, in Illinois, the location
of this study, 1156 invasive plant species had escaped
cultivation and became naturalized by 2014, equivalent
to 32.1 % of the state’s total flora (Mohlenbrock 2014).
Of that percentage, 78 % of the species were introduced
from outside of North America (IDNR 1994). However,
predicting whether or not an introduced species will
become invasive can be difficult although there is a strong
incentive to determining which plants are likely to become
invasive before they become too widespread and unman-
ageable (Westbrooks 2004).

Different approaches have been advocated to assess
invasive potential. These include examining plant func-
tional traits, quantifying competitive ability and phylogen-
etic comparisons. Of these, ecologists are increasingly
relying on plant functional traits as a way to understand
some of the most fundamental and applied questions
because trait-based approaches can help to disentangle
the effect of ecological processes on communities (Dı́az
et al. 2007; Carmona et al. 2015). Furthermore, testing
these methods are critical because it forms a pathway by
which plant functional traits influence community assem-
bly, the outcome of biological invasions and species diver-
sity effects on ecosystem function (McGill et al. 2006; Kraft
et al. 2015). Some of the literature connects plant func-
tional traits to competitive outcomes. For example, species
may differ in traits that influence their ability to draw down
shared limiting resources or produce offspring, and the
resulting average fitness differences may favour competi-
tive exclusion (Tilman 1982; Chesson 2000). Competitive
ability is further correlated with plant functional traits
(Zhang and Lamb 2012) in each life stage (Wang et al.
2010).

Competitive ability can be compared between species in
two ways: first, by assessing the competitive effect of
plants or the ability to suppress other individuals, and sec-
ondly, by assessing the competitive response of plants or
the ability to avoid being suppressed (Goldberg and
Landa 1991; Violle et al. 2009; Zhang and Lamb 2012).
Mechanistically, competition can be understood in terms
of Tilman’s resource ratio model that predicts that the
growth rate of an individual is determined by the two
resources at the lowest availability relative to the plant’s
requirement for all resources (Tilman 1982, 1987, 1997;

Lehman and Tilman 2000). In general, the specific rate
of biomass change of a species is based on the limiting
resources in the environment (Tilman 1985; Krueger-
Mangold et al. 2006). The growth of a plant would decrease
in the presence of a neighbouring plant if these plants con-
sumed the same limiting resources (Tilman 1988, 1997;
Maron and Marler 2007). While Tilman’s resource ratio
model has been widely used in natural systems, it is less
widely applied in crop systems although the model still
applies (Zimdahl 2004; Miller et al. 2005).

The Amaranthaceae family contains important agricul-
tural weeds, invasive exotics and rare native plants
providing a useful system to test concepts related to com-
petitiveness among closely related species. In the US Mid-
west region, Palmer amaranth (Amaranthus palmeri) and
tall waterhemp (Amaranthus tuberculatus) have been
acknowledged as two of the most problematic and wide-
spread agricultural weeds (Bensch et al. 2003; Ward et al.
2013). These species have many characteristics that make
them successful weeds, including the ability to grow 2–3 m
in height (Horak and Loughin 2000; Trucco and Tranel 2011),
a prolonged period of seed germination and seedling emer-
gence late into the row-crop growing season (Hartzler et al.
1999). Competition of 8 plants m22, starting at crop emer-
gence, resulted in Palmer amaranth reducing soya bean
yields by 78 % compared with 56 % for tall waterhemp
(Bensch et al. 2003). Furthermore, soya bean yield was
reduced by 10 % when plants emerged at the V4 growth
stage of soya bean (Steckel and Sprague 2004; Steckel
et al. 2004, 2008). Palmer amaranth and tall waterhemp
have been found to be very competitive not only with row
crops but also with other Amaranthus species (Trucco and
Tranel 2011).

Japanese chaff flower (Achyranthes japonica) is also in
the Amaranthaceae and represents a relatively recently
introduced species that is spreading across the Ohio
River Valley (Schwartz et al. 2015, 2016). This monoe-
cious, perennial, C3 herb is native to Korea, China and
Japan (Sage et al. 2007; Choi et al. 2010; Evans and Taylor
2011; Schwartz 2014). Japanese chaff flower is generally
found in areas with some shade and moist soil. However,
the species can also grow in drier areas in sun and in
densely shaded areas (Schwartz 2014, 2015). Dense
patches of Japanese chaff flower have been found in
bottomland forests, riverbanks, field edges and in ditches
and swales (Evans and Taylor 2011; Schwartz 2014;
Schwartz et al. 2016). Large patches of Japanese chaff
flower have shown indications of deer browsing and
insect feeding, but the plant will release new shoot
growth from previously dormant axillary buds and over-
compensate (Schwartz et al. 2016). Apart from anecdotal
observations, little has been reported on this species and
only recently has an aggressive research campaign been
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launched to learn more about this species. The occur-
rence of Japanese chaff flower in row-crop field margins
in southern Illinois has prompted concern about its
potential competitive effects on crops. In contrast, blood-
leaf (Irisine rhizomatosa) is classified as endangered in
Illinois and Maryland and is considered to be rare in Indi-
ana (IDNR 1994; Gibson and Schwartz 2014). Despite its
endangered and rare status, very little ecological work
has been conducted on this species (Gibson and Schwartz
2014).

In this study, we conducted experiments based on the
above approaches in a multi-year, temporally replicated,
set of experiments to compare these assessment meth-
ods to determine the invasive potential of Japanese chaff
flower. We compared plant traits and competitive ability
of Japanese chaff flower with two invasive agricultural
species and one endangered confamilial plant species
in the Amaranthaceae. Additionally, we assessed the
invasive potential based on each of these approaches
and determined the degree of agreement between
them. Thus, the objective of this study was to determine
the relative competitive effect and response of closely
related species in the same family to a crop. Two hypoth-
eses were tested: (1) the perennial species, Japanese
chaff flower and bloodleaf, will have a lower resource
requirement than the annual Amaranthus species when
competing with interspecific neighbours (measured as
resource drawdown) and (2) a competitive effect ranking
would be Palmer amaranth . tall waterhemp . cut
Japanese chaff flower ¼ Japanese chaff flower ¼ blood-
leaf. The competitive response rankings will be inversely
related among the four species. The rationale behind
the hypothesized ranking was developed from personal
observations and a literature review of the species.

Methods
We tested our hypotheses by conducting two experi-
ments. A resource drawdown experiment was conducted
to test how each species utilizes an above- and below-
ground resource (test of Hypothesis 1), and a field experi-
ment was conducted to determine the competitive
effect and response of the study species on soya beans
at varying densities and soya bean row spacing (test of
Hypothesis 2).

Resource drawdown experiment
The drawdown of light and soil nitrogen (N) by each species
was determined in field soil under greenhouse conditions
at the Southern Illinois University Tree Improvement Center
(TIC) greenhouse. Seeds of each of the four Amarantha-
ceae species were collected from populations within
161 km of Carbondale, Illinois, each year. Japanese chaff

flower seed was collected from Chestnut Hills Nature Pre-
serve (CH: 37811′N, 8983′W) located in Pulaski county, Illi-
nois, and bloodleaf seeds were collected from Beall
Woods Nature Preserve (BW: 38820′N, 87849′W). Seeds of
the two annual Amaranthus species (Palmer amaranth
(located at the Belleville Research Center (BRC 9B:
38830′N, 89850′W)) and tall waterhemp (located at BRC
T4: 38831′N, 89850′W) were collected from glyphosate sus-
ceptible populations and underwent a bleach (5.25 %
sodium hypochlorite) scarification process to ensure max-
imum possible seed germination. The soya bean, Japanese
chaff flower and bloodleaf seeds did not require pretreat-
ment. Seeds of each species were sown into separate
flats with potting soil and allowed to germinate. Seeding
rates and timing were determined based on previously
measured germination rates and establishment times
for each species (e.g. Japanese chaff flower was seeded
10 days before tall waterhemp). When seedlings of each
species had emerged, five seedlings per species were trans-
planted into each experimental pot. Seedling density was
chosen based on pot size. We did not want the pot size to
be a limitation to plant growth.

Field soil (0–15 cm depth) was collected from Southern
Illinois University Agronomy Research Center (ARC). Soil
was characterized as having a topsoil of silt loam
(0–0.25 m) and subsoil (0.25–1.30 m) of silt clay loam
(Herman et al. 1976). Field soil was sterilized and mixed
in the ratio of 1 : 1 with sterilized sand to dilute the N con-
centration and aid in permeability while watering. The
mixed soil was placed into 15-cm pots. The average green-
house conditions included a photoperiod of "8–12 h per
day, which were determined by supplemental lights in the
greenhouse, and a temperature of 31+5 8C. Two soya
bean (Asgrow Brand AG3832 plot seed, Illinois origin)
seeds were planted in each pot for a density equivalent
to soya beans grown in a 38-cm row spacing in agricultural
fields.

Resource manipulation treatments of N addition and
light reduction (shading) were implemented. Nitrogen
was added as granular ammonium nitrate applied at
1 g per pot prior to transplanting the seedlings. Shading
treatments were implemented by surrounding the pots
with a frame and then covering the frame with a 60 %
shade cloth to simulate forested or crop canopies.
A frame constructed of PVC pipe was placed around the
non-shaded pots to control for shade effects produced
by the frames. Pots were watered twice daily with 75 mL.
There were five replicates (plus one unseeded control pot)
of each treatment with two temporal replicates. Control
pots were not sown with seeds to establish a baseline for
resource drawdown values. Each run of the experiment
lasted "4 weeks. Pots were placed in the greenhouse in
a randomized complete block design.
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Data collection. Light intensity drawdown was measured
under the plants at the soil surface using a LI-COR Light
Meter (Model LI-250; LI-COR, Lincoln, NE, USA) for each
pot twice per week. Light quality was measured one time
at the end of the experiment using an International Light
1400A radiometer/photometer (IL1400A; International
Light, Inc., Newburyport, MA, USA) using white, blue, red
(R) and far-red (FR) filters below the leaves. The light
quality meter was placed below a leaf of each plant.
Light quality was performed on a separate set of pots
that did not undergo the N or light treatments.

Performance measurements (height and number of
nodes) were recorded twice weekly to use as an indicator
of early seedling growth. Above- and belowground bio-
mass were harvested from each pot when the seedlings
of each species had reached four nodes indicative of
early seedling growth. Thus, all of the plants within a spe-
cies were harvested at the same time, but the actual har-
vest date between species varied (i.e. the Amaranthus
species reached the four-node stage before the perennial
species and were harvested a week earlier). Biomass was
oven dried (48 h, 55 8C) and weighed. Inorganic N was
measured in the soil of each pot using ion-exchange
resin bags (Binkley 1984). Resin bags were placed into
the pot the day that the pots were sown and removed
the day that the pots were harvested. Resin bags were con-
structed from nylon hose and consisted of 5 g of equal
amounts of an anion (Dowex 1 × 8, 50–100 mesh; Acros
Organics) and a cation (Dowex 50W × 8, 50–100 mesh;
Acros Organics) resin. In the laboratory, the resin was
extracted with 75 mL of 2 N KCl after shaking for 1 h at
200 r.p.m., filtered through a 0.4-mm filter membrane
and the filtrate analysed for NH4-N and NO3-N on a Flow
IV Solution Autoanalyzer (O.I. Corporation, College Station,
TX, USA). Total N was determined by adding the NH4-N and
NO3-N values.

Seedling competitive effect and response
experiment
Study site. Experimental plots were established at the
Southern Illinois University, Carbondale TIC in Jackson
County, Illinois (37842′N, 89816′W). The soil at the site was
a silt clay loam, with a topsoil of silt loam and subsoil of silt
clay loam (Herman et al. 1976). The experiment was
conducted annually for 3 years (2012–14), with 2012
being a preliminary experiment (data not reported).

Experimental design. Seeds, which were collected in
southern Illinois that year and were from the same seed
source as the resource drawdown experiment, were
planted in sterilized pots (15 cm diameter by 15 cm
depth) filled with a silt clay loam soil collected from the

TIC field. The soil was prepared as in the resource
drawdown experiment. The soya bean, Japanese chaff
flower and bloodleaf seeds did not require pretreatment.
However, as in the resource drawdown experiment, the
two Amaranthus species (Palmer amaranth and tall
waterhemp) were scarified with bleach solution to
promote germination. After seedling emergence, the
seedlings were transferred to the field and the pots were
submerged into excavated holes, so the soil surface in
the field and pots were equivalent. Pots were used to
prevent the release of Japanese chaff flower into the
field, since at the time of this experiment this species had
not been found in Jackson county, Illinois. In addition, the
planting of an endangered species such as bloodleaf is
heavily regulated and the pots provided containment.
Volunteer plant seedlings were removed continually
throughout the experiment. Each year (2012–14), the
experiment was conducted until the plants within a
species reached the end of the seedling stage (denoted
by the majority of each species reaching the four-node
stage) to seek consistent results. Thus, each species had
one harvest, but the harvest date may have differed
between species. Plants in this experiment were not
grown beyond the seedling stage because control of
agronomic weeds is frequently targeted at this stage.

Each of the four invasive species (n ¼ 5 for invasive spe-
cies treatment including cut and uncut Japanese chaff
flower, see below) were planted either as a monoculture
(control) or with soya bean (n ¼ 2 for soya bean treat-
ment) (Asgrow Brand AG3832 plot seed, Illinois origin).
Japanese chaff flower seedlings were planted either as
un-manipulated seedlings (referred to as uncut Japanese
chaff flower, ACHJA) or as seedlings cut back to the soil
surface at the four-node stage (cut Japanese chaff flower,
ACHJA-C) at which point seedlings have reached a peren-
nial growth stage (Smith 2013). The cut Japanese chaff
flower plants represent perennial plants that may have
survived the previous winter or regrowth from the applica-
tion of a non-systemic herbicide typically applied prior to
commercial soya bean planting. Upon emergence, the
Amaranthaceae seedlings were thinned down to the
desired seedling densities per pot (10, 30 and 90 for
38-cm rows (Trial 1) and 10 and 30 for 76-cm rows (Trial
2)). Each trial was conducted each year. From here forward,
the 10 seedlings per pot density will be referred to as low,
the 30 seedlings per pot as medium and the 90 seedlings
per pot as high density. One or two equidistant soya bean
seedlings were planted 4 cm apart in each pot to simulate
typical planting densities of soya bean (Bensch et al. 2003)
with the Amaranthaceae densities chosen to allow for
agricultural conditions of crowding and competition
around the soya bean plants. One soya bean per pot
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represented a 76-cm row spacing for soya beans (Trial 2),
whereas two soya bean per pot represented a 38-cm row
spacing (Trial 1).

This experimental design was an additive design with
repeated measures (Gibson et al. 1999; Gibson 2015).
The treatment design was a fully factorial combination
of the four Amaranthaceae species including two stages
of Japanese chaff flower (see below) (n ¼ 5), four or
three different densities (n ¼ 4 (38-cm rows) or n ¼ 3
(76-cm rows)), presence or absence of a soya bean cultivar
(n ¼ 2) and four or three replicates (n ¼ 4 (38-cm rows) or
n ¼ 3 (76-cm rows)) for a total of 5 × 4 × 2 × 4 ¼ 160
experimental units (pots) for the 38-cm rows and 5 ×
3 × 2 × 3 ¼ 90 experimental units (pots) for the 76-cm
rows, a grand total of 250 pots (50 pots per species).

Data collection. Height (cm), number of branches, nodes
and leaves were measured twice a week for each
individual to determine performance. All seedlings in
each pot were harvested when the majority of the
individuals had reached the four-node stage, oven dried
at 55 8C and both above- and belowground biomass
weighed (g). Light intensity and soil moisture were
measured twice per week in each pot using a LI-COR
Light Meter (Model LI-250; LI-COR) and ECH2O Decagon
Soil Moisture meter (Decagon Devices, Inc., Pullman,
WA, USA), respectively.

Statistical analysis
For the resource drawdown experiment, a three-way
mixed model (SAS Institute) was used to determine the
fixed effects of treatment (N, light), density and plant spe-
cies on plant performance (plant height and nodes). Light
quality was analysed using a two-way mixed model test-
ing the effects of light wavelength and plant species on
light reduction. The competition experiment was ana-
lysed using a repeated-measures three-way mixed
model in SAS (PROC MIXED, SAS Institute) to detect treat-
ment effects (fixed effect: weed density, soya bean pres-
ence or absence and weed species) on the performance
(height, branch numbers, nodes and leaf numbers), light
intensity and soil moisture. Random effects were blocks
of pots in all tests. Aboveground and belowground bio-
mass were analysed for the Amaranthaceae species
and soya bean separately using a two-way mixed
model to determine the effect of biomass and density
or soya bean presence or absence. Significance was
assessed at P , 0.05. A Tukey’s test was used to deter-
mine significant differences among means with signifi-
cant treatment effects. Based on weed species and soya
bean performance, a competitive effect and response
ranking was proposed (after Bensch et al. 2003; Zhang
and Lamb 2012).

Results
Resource drawdown
In comparison with the controls (pots with no plants), the
four Amaranthaceae species each drew down light, but
not N (Fig. 1). In terms of light drawdown, bloodleaf
drew down the least amount of light (which means that
bloodleaf would have the highest percentage of light
available at 69.2+5.6 %), indicating that this species
had the least amount of plant material shading the soil
surface. Palmer amaranth and soya bean drew down the
greatest amount of light (26.8+3.5% and 30.2+2.8 %,
respectively), and tall waterhemp and Japanese chaff
flower drew down an intermediate level of light in
comparison with the other species (41.4+2.9 and
45.6+2.2 %, respectively).

There was no significant difference for aboveground bio-
mass between N treatment levels and species, except for
Japanese chaff flower and Palmer amaranth (Table 1,
Fig. 2A). A significant aboveground biomass interaction
occurred between species and shading treatment (Fig. 2B).
Each species produced more aboveground biomass without
the shading than under the 60 % shading treatment, except
bloodleaf. Again, Japanese chaff flower produced a similar
amount of aboveground biomass (0.75+0.03 g per pot)
to both Palmer amaranth (0.6+0.04 g) and tall waterhemp
(0.55+0.02 g) without shading. The soya bean crop pro-
duced the largest aboveground biomass (2.5+0.03 g),
whereas bloodleaf produced the smallest biomass
(0.3+0.01 g). Belowground biomass was affected by
the shade treatment (Table 1), and there was a trend
towards an increase for the Amaranthus species and a
decrease for Japanese chaff flower and soya bean in
belowground biomass with additional soil N (Fig. 2C).

Figure 1. Relative resource drawdown for total N and light intensity
at the soil surface for bloodleaf (IRERH), Japanese chaff flower
(ACHJA), Palmer amaranth (AMAPA), tall waterhemp (AMATA), soya
bean (GLYMX) and control (C) with 95 % confidence intervals. n ¼ 40
plants/species.
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Figure 2. Mean (+SE) aboveground biomass in response to (A) N and (B) light treatments, and (C) belowground biomass in response to the
interaction between N and light treatments. Species nomenclature is as follows: bloodleaf (IRERH), Japanese chaff flower (ACHJA), Palmer amar-
anth (AMAPA), tall waterhemp (AMATA) and soya bean (GLYMX). *Above pairs of bars indicates a significant difference (a ¼ 0.05) between mean
values in aboveground biomass comparisons between monocultures with or without N or light.
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Table 1. F and P statistics for above- and belowground biomass (g), in the greenhouse experiment, for N and light for the four Amaranthaceae
species and soya bean. df, degrees of freedom. 1Treatments with and without the 60 % shade cloth (n ¼ 2). 2Treatments with and without the
addition of ammonium nitrate (n ¼ 2). 3All study species (n ¼ 5).

Treatment/variable df Aboveground biomass Belowground biomass

F P F P

Shading1 1, 12 17 ,0.0001 71.35 ,0.0001

Nitrogen2 1, 12 17 ,0.0001 61.05 ,0.0001

Shading × nitrogen 4, 64 3.71 0.0864 9.39 0.0069

Species3 4, 28 59.9 ,0.0001 19.89 ,0.0001

Species × shading 4, 64 3.94 0.0064 6.26 0.0003

Species × nitrogen 4, 64 2.19 0.0799 4.12 0.0051

Species × shading × nitrogen 4, 64 59.9 0.6753 3.68 0.0092
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A greater amount of belowground biomass was attribu-
ted to the N addition for all species, especially Japanese
chaff flower (2.7+0.3 g). Belowground biomass of
Palmer amaranth and tall waterhemp were similar
regardless of soil N treatment without shading.

An interaction between wavelength and species
(P , 0.0001) was evident for the mean reduction in light
quality (Fig. 3). Bloodleaf (60.7+1.5 %) and soya beans
(57.2+2.9 %) had the lowest FR light reduction through
shading, whereas Japanese chaff flower had the higher
reduction (97.3+0.5 %). The Amaranthus species had a
similar reduction of FR light (AMAPA: 54.5+1.1 %;
AMATA: 52.4+2.7 %). All of the species showed a mean
per cent reduction in R light quality, but Japanese chaff
flower reduced R light the least (57.0+1.1 %). In this
study, the R/FR ratios were comparable for all of the spe-
cies (P . 0.05)—bloodleaf: 1.37+0.58, Japanese chaff
flower: 1.51+0.45, Palmer amaranth: 1.51+0.64, tall
waterhemp: 1.56+0.82 and soya bean: 1.43+0.56.

Competitive effect and response
The competitive response of the study species to soya
bean was similar between trials within the same year.
In 2013, for both trials, plant height was related to spe-
cies, density and days after planting (Table 2). Tall water-
hemp grew the tallest at the low and medium densities in
both trials, with Palmer amaranth and uncut Japanese
chaff flower grew to a similar height (Fig. 4A and B).
Both Palmer amaranth and uncut Japanese chaff flower
were not affected by density, whereas tall waterhemp
was density sensitive. The cut Japanese chaff flower
plants were the shortest regardless of trial. In Trial 1, at

the highest density (90 seedlings per pot), both Amar-
anthus species reached the same height by the final
day after planting (DAP) (Fig. 4A). In 2014, however,
there was an interaction between species, DAP and soya
bean (Table 2). Regardless of the trial, when soya beans
were present, the height of bloodleaf was reduced
(Fig. 4C and D). By DAP 23 in both trials, monocultures
of seedlings of the two Amaranthus species were the
largest, with both cut and uncut Japanese chaff flower
seedlings only 1 cm shorter. Bloodleaf was the shortest
in both trials each year. The competitive response
between years, regardless of trial, was comparable with
each other.

The competitive effect of the study species on soya
beans was only apparent in Trial 2 in 2013 (Fig. 5A) and
Trial 1 in 2014 (Fig. 5B). There was an interaction between
species and density in both trials. In Trial 2 in 2013 (P ¼
0.015), the highest density of cut Japanese chaff flower
reduced the height of soya bean the most, followed by
the two Amaranthus species, uncut Japanese chaff flower
and bloodleaf. For the lowest density, the cut Japanese
chaff flower again reduced the height of the soya beans
the most, followed by uncut Japanese chaff flower and
Palmer amaranth. Although the reduction in height was
relatively small (1.8–3.1 cm), both uncut Japanese chaff
flower and the cut Japanese chaff flower reduced the
height of soya bean in a similar manner to the two Amar-
anthus species with bloodleaf having no effect at all three
densities. The same trend in soya bean height reduction
across all densities occurred in Trial 1 in 2014: the pres-
ence of tall waterhemp caused the greatest height reduc-
tion, followed by the cut Japanese chaff flower and uncut
Japanese chaff flower, with Palmer amaranth reducing
the height the least. Consistency in results between trials
and years supports intrinsic differences among species
rather than short-term environmental variability (pheno-
typic plasticity).

There was an interaction between DAP, density and soya
bean (Table 2) affecting soil moisture in 2013. The soil
moisture in the pots with densities of 10, 30 or 90 seedlings
per pot was relatively similar regardless of trial [see
Supporting Information—Fig. S1]. In 2014, however,
there was an interaction between DAP and soya bean.
In both trials at DAP 10, the monocultures had a lower
mean soil moisture than soya bean (19.8+3.5 and 28+
4.1 %, respectively), but on all other consecutive DAPs, the
opposite was apparent. Mean light intensity at the soil sur-
face for all years and trials, except Trial 2 in 2013 [see Sup-
porting Information—Fig. S2], had an interaction
between density and soya bean. Overall, light intensity at
the soil surface decreased by 25 % in 2013 and 70 % in
2014 with an increase in the density [see Supporting
Information—Fig. S2].

Figure 3. Mean (+SE) per cent reduction of light quality in response
to study species and soya bean. Species nomenclature is as follows:
bloodleaf (IRERH), Japanese chaff flower (ACHJA), Palmer amaranth
(AMAPA), tall waterhemp (AMATA) and soya bean (GLYMX). Mean
values with the same letters are not significantly different at
a ¼ 0.05 within a species.
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Table 2. Significant effects and interactions among groups based on Amaranthaceae species competitive effect and response (field
experiment) to soya bean presence/absence. Only significant differences are shown within a variable. Pooled over species. N, the number of
groups in a treatment or variable; df, degrees of freedom; T1, Trial 1; T2, Trial 2; Species, study species; Soya bean, soya bean(s) present; DAP,
day after planting; Density, study species density (T1: 10, 30, 90; T2: 10, 30).

Variable/effect N df F P

Soil moisture

T1-2013: Species × soya bean × DAP 60 8, 110 1.76 0.0366

T1-2013: Density × soya bean × DAP 36 8, 240 4.66 ,0.0001

T1-2014: Soya bean × DAP 12 3, 147 7.77 0.0438

T2-2013: Species × DAP 30 15, 482 2.88 ,0.0001

T2-2013: Density × soya bean × DAP 48 15, 588 3.89 ,0.0001

T2-2013: Species × density × soya bean 40 16, 246 1.92 0.0034

T2-2014: Species × DAP 30 15, 588 2.19 0.0062

T2-2014: Soya bean × DAP 12 3, 322 5.33 0.0013

Light intensity at the soil surface

T1-2013: Density × soya bean 8 2, 114 0.88 0.04184

T1-2014: Density × soya bean 6 2, 12.1 4.75 0.0299

T2-2013: Density × soya bean 8 3, 224 2.94 0.0338

T2-2014: Density × soya bean 6 3, 27.2 7.74 0.0007

Species height

T1-2013: Density × soya bean 6 5, 90.9 4.62 0.0379

T1-2013: Species × density × DAP 90 16, 158 2.23 0.0063

T1-2013: Species × DAP × soya bean 60 8, 110 2.94 0.0003

T1-2014: Species × DAP × soya bean 60 8, 110 8.27 ,0.0001

T1-2014: Species × density × DAP 90 16, 158 3.52 0.0012

T2-2013: Species × density × DAP 120 32, 344 2.66 ,0.0001

T2-2014: Species × DAP × SB 60 21, 242 1.73 0.027

Soya bean height

T1-2013: Species × density 15 8, 24.1 3.09 0.0151

T1-2014: Species × density 15 12, 64.1 1.94 0.0345

T2-2013: DAP × density 24 12, 229 5.06 ,0.0001

T2-2013: Species 5 4, 68 2.92 0.0305

T2-2014: DAP 6 5, 78.3 31.88 ,0.0001

T2-2014: Species × density 20 12, 64.1 1.98 0.0406

Species aboveground biomass

T1-2013: Species × density 15 12, 82 3.37 0.0186

T1-2014: Species × soya bean 10 4, 30 4.92 0.0067

T2-2013: Species × density × soya bean 40 16, 138 2.66 0.0016

T2-2014: Species × soya bean 10 4, 66.9 5.02 0.0013

Soya bean aboveground biomass

T1-2013: Density 3 2, 16 6.40 0.0051

T1-2014: Species 5 4, 86 15.01 ,0.0001

Continued
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Aboveground biomass was affected by study species
and soya bean presence in the 2014 trials (Table 2,
Fig. 6C and D) but not the 2013 trials (Fig. 6A and B). In
both 2014 trials, the study species monocultures generally
had a greater biomass than the mixtures with soya bean.
Among the study species monocultures, Palmer amaranth
had the greatest biomass (3.7+0.7 g per pot). The cut
Japanese chaff flower (Trial 1: 3.4+0.6 g) and uncut
Japanese chaff flower (Trial 2: 2.5+0.4 g) had the next
largest biomass. In Trial 2, tall waterhemp showed the
opposite effect with greater biomass when soya bean
was present. Data on the number of branches, nodes
and leaves are not reported since these variables showed
similar results to height (see Schwartz et al. 2016).

Neighbour species identity had a direct effect on soya
bean biomass (Table 2). Aboveground biomass of soya
bean was affected by the interaction between study
species and density in only 2014 (2013: P ¼ NS; 2014:
P ¼ 0.01). Regardless of year and density, the highest
soya bean biomass was in the presence of bloodleaf indi-
cating that it affected soya bean the least of the species
(Fig. 7A and C). In 2013, the ranking of study species
effects on soya bean varied with density (Fig. 7A).

An overall competitive effect and response ranking
among the study species was developed from the results
of both the greenhouse and the field experiment based
on resource drawdown and competitive abilities. The
competitive effect ranking was determined to be: tall
waterhemp ≥ Palmer amaranth ¼ cut Japanese chaff
flower ≥ uncut Japanese chaff flower . bloodleaf. The
competitive response ranking was the inverse.

Discussion
In this study, we examined plant functional traits, com-
petitive ability and phylogenetic relatedness of four
closely related Amaranthaceae species. We assessed
the invasive potential based on each of these approaches
and determined the degree of agreement between them.

Specifically, we considered resource drawdown as a
functional trait and competitive effect and response to
the soya bean crop to reflect competitive ability. A rela-
tively conservative assessment integrating all three
approaches would be that the competitive ability of
closely related individuals with similar functional traits
would share invasive potential. From this perspective,
there are indications that Japanese chaff flower has
high invasive potential. Thus, we advocate a multimodal
approach to assessing invasive potential because each
approach offers a different and complimentary dimen-
sion of information.

Resource drawdown
The observed variation in resource drawdown among the
four species can be explained in part by R* theory. An R*
value simply is the concentration of a resource that a spe-
cies requires to survive (Krueger-Mangold et al. 2006). The
species with the lowest R* value will outcompete a spe-
cies with a higher R* for that particular resource (Tilman
1982, 1988). Under the conditions of this experiment,
seedlings of Japanese chaff flower and Palmer amaranth
drew down the limiting resources in a similar manner,
which indicates that at the early growth stage tested in
this experiment, Japanese chaff flower could potentially
affect a crop (i.e. soya beans) in a similar way as Palmer
amaranth. Thus, these species would likely displace a
species such as bloodleaf that show low rates of resource
drawdown when grown in mixture. Although bloodleaf
was not grown in conditions that were representative of
its native environment (i.e. sterilized soil with fertilizer
and a crop versus under a forest canopy), the low draw-
down of light by bloodleaf may contribute to the slow
growth of this perennial species with a poor ability to col-
onize. These characteristics coupled with habitat loss
may have contributed to its endangered status in Illinois,
Maryland and Indiana (Gibson and Schwartz 2014). Fur-
thermore, the lack of differences between the species
for N drawdown may also have been due to the short

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2. Continued

Variable/effect N df F P

T2-2013: Species × density 20 12, 49.3 1.79 0.0757

T2-2014: Species × density 20 12, 48 2.49 0.0127

Belowground biomass

T1-2013: Species × density 15 12, 102 3.53 0.0026

T1-2014: Species × density × soya bean 30 8, 76.5 3.10 0.0361

T2-2013: Species × density 15 12, 102 3.35 0.0004

T2-2014: Species × density × soya bean 30 8, 76.5 3.75 0.001
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time frame of the experiments necessary to investigate
early seedling competition and because resin bags aver-
age nutrient levels over the course of the trial (Klingaman

and Oliver 1994). We hypothesize that if the experiment
had run longer with plants growing beyond the seedling
stage, that species differences would have been seen.

Figure 4. The competitive response of the mean (+SE) species height for (A) Trial 2 2013, (B) Trial 1 2013, (C) Trial 2 2014 and (D) Trial 1 2014 to
soya bean. Study species nomenclature is as follows: bloodleaf (IRERH), uncut Japanese chaff flower (ACHJA), cut Japanese chaff flower
(ACHJA-C), Palmer amaranth (AMAPA) and tall waterhemp (AMATA). Mean values with the same letters are not significantly different at
a ¼ 0.05 within a species.
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Ballaré et al. (1987) proposed that the FR wavelength
was reflected by nearby leaves, which allowed for an
early detection of neighbouring species that signalled
oncoming competition during canopy development. Thus,
as the seedlings in this study were growing, FR reflection
among neighbours could have been signalling competition

and initiating competitive responses through the FR/R
phytochrome photoreceptor (Holt 1995). Novoplansky
(1991) demonstrated Portulaca oleracea L. seedlings
avoiding growth in the direction of species with higher
reflected FR light. Thus, Japanese chaff flower with the
lowest reduction in FR light among the species tested

Figure 4. Continued.

Figure 5. Competitive effect of mean (+SE) soya bean height for (A) Trial 1 2013 and (B) Trial 2 2014 in response to the species bloodleaf (IRERH),
uncut Japanese chaff flower (ACHJA), cut Japanese chaff flower (ACHJA-C), Palmer amaranth (AMAPA) and tall waterhemp (AMATA). Mean
values with the same letters are not significantly different at a ¼ 0.05 within a species.
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here may inhibit neighbouring species growing towards it.
Plants growing in the shade of neighbouring taller vege-
tation are usually receiving reduced light intensity with
a decreased R/FR ratio (Yang et al. 2014). Thus, plants
grown under such conditions exhibit shade avoidance
responses (i.e. elongated stem growth and little new
leaf growth) (Smith 2000). Similar responses to decreased
light intensity during growth have been reported for Pal-
mer amaranth, where plasticity in acclimation to chan-
ging light conditions has enabled Palmer amaranth to
develop in shade regions (i.e. under a crop canopy) and
to achieve high rates of growth if suddenly exposed to
high light (Patterson 1985).

Competitive effect and response
The competitive effect/response ranking in this study is
novel because the species that are being compared
are within the same plant family, are found in different
habitats and their competitiveness varies. In addition,
competitive abilities have been based off of more than

one trait (Andrew et al. 2015). Japanese chaff flower
attained a high competitive ranking in this study, despite
not being recognized as an agricultural weed. Rankings
based on competitive abilities have been used in several
other studies that range from closely related weeds
(Andrew et al. 2015), to less closely related weeds
(Horak and Loughin 2000; Bensch et al. 2003; Hock et al.
2006), or to cultivars of a single weed (Hansen et al. 2008;
Andrew et al. 2015). Although Japanese chaff flower may
not be fully suited to be the newest weed species in agri-
culture by escaping management strategies implemen-
ted by farmers (e.g. current susceptibility of Japanese
chaff flower to herbicide modes of action limits its spread
in agricultural systems; Smith 2013; Schwartz et al. 2016),
it is still an aggressive weed that farmers and land owners
need to be able to identify. This species has many similar
characteristics to the Amaranthus species, such as the
ability to colonize in areas with limiting resources, contin-
ual flushes of germination throughout the growing sea-
son, the ability to outcompete other weed species and

Figure 6. Mean (+SE) aboveground biomass for the study species bloodleaf (IRERH), uncut Japanese chaff flower (ACHJA), cut Japanese chaff
flower (ACHJA-C), Palmer amaranth (AMAPA) and tall waterhemp (AMATA) in response to soya bean for (A) Trial 2 2013, (B) Trial 1 2013, (C) Trial 2
2014 and (D) Trial 1 2014. *Above pairs of bars indicates a significant difference (a = 0.05) between mean values in aboveground biomass com-
parisons between monocultures and in the presence of soybean.
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high fecundity, but Japanese chaff flower also is a peren-
nial species that can withstand removal of shoot material
and has a high germination rate (Schwartz et al. 2016).
Only early detection and rapid response methods can
be relied on to keep Japanese chaff flower out of areas
in and around agricultural fields. If this species evolves
resistance to various herbicide modes of action, as have
other taxa in the Amaranthaceae (Heap 2014), it may
well become a prominent weed in agriculture. Indeed,
the congener Achyranthes aspera L. infests field and
vegetable crop fields carrying with it parasitic nematodes
(Anwar et al. 2009).

Additionally, the environment plays a large role in the
competitive effect/response of plant species. The similar-
ity in competitiveness between years could be due, in
part, to the very similar environmental factors during
the month of May, when both trials were initiated. The
precipitation levels did vary with 9 cm of precipitation in
May in 2013 and 12.5 cm in 2014. Temperature is also
an important ecological factor in determining species
growth and productivity. Palmer amaranth and tall

waterhemp exhibit their highest germination rate of
30 and 50 %, respectively, when mean air temperatures
are at 25 8C (Guo and Al-Khatib 2003).

Conclusions
This research serves as an indication that the functional
traits conferring competitiveness of closely related spe-
cies can be very similar, especially when comparing
between invasion status (Garnier and Navas 2012).
Although the invasive species of this study, Palmer amar-
anth, waterhemp and Japanese chaff flower, all exhibited
similar competitive and general life-history traits to one
another, their habitats do not overlap much in nature.
Our study indicates that if these species shared the
same habitat, then the perennial Japanese chaff flower
could be just as competitive, if not more so, than the well-
known annual Amaranthus species. Furthermore, as a
species actively expanding its invasive range, Japanese
chaff flower can potentially invade other habitats, such
as agricultural or open fields, given the right conditions.

Figure 7. Mean (+SE) aboveground biomass for the soya bean in response to the species bloodleaf (IRERH), uncut Japanese chaff flower
(ACHJA), cut Japanese chaff flower (ACHJA-C), Palmer amaranth (AMAPA) and tall waterhemp (AMATA) for (A) Trial 2 2013, (B) Trial 1 2013,
(C) Trial 2 2014 and (D) Trial 1 2014. Mean values with the same letters are not significantly different at a ¼ 0.05 within a species.
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A Japanese chaff flower invasion into agriculture fields is
currently improbable. However, pre-existing evolutionary
traits as seen in other Amaranthaceae species, e.g. to
develop herbicide resistance (Vencill et al. 2008), is an
evolutionary stepping stone for this species. Undoubtedly,
specific management tactics implemented by individual
growers or managers will have a significant influence on
the rate that herbicide resistance could occur for Japanese
chaff flower, as observed in other species (e.g. Beckie et al.
2004; Evans et al. 2015).

Overall, this study determined that competition
between closely related species is driven by invasiveness
and not by life-history traits. A confamilial comparison
indicated that competitiveness of the perennial Japanese
chaff flower related more towards the other invasive
Amaranthus species than to the endangered native, per-
ennial bloodleaf. Resource drawdown and competition
with soya bean was comparable between all of the inva-
sive species, which should raise concern for other invasive
species in different habitats in the same geographic area.
More research is needed, however, to determine whether
the Amaranthus species would compete in a similar man-
ner to Japanese chaff flower in a forested area and
whether Japanese chaff flower would compete in a
soya bean field as it did in this experiment.
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