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Abstract
The international grain trade is a major pathway for the introduction of alien plants because grain
commodities can be contaminated with various weed seeds. To evaluate how alien weed seeds derived
from imported grain commodities affect local vegetation in international trading ports, we conducted a
vegetation survey on a set of grain landing ports and non-grain landing ports in nine regions throughout
Japan to compare the vegetation between these two types of ports. We also surveyed weed seed
contamination of wheat imported into Japan, and the contamination rate was calculated for each
species based on our survey and previous studies on weed seed contamination. The vegetation clearly
differed between the grain landing ports and the non-grain ports. In the grain landing ports, alien species
were more abundant than in non-grain landing ports. All indicator species of the grain landing ports were
reported to be contaminants in grain commodities. Furthermore, there was a tendency for the more
abundant species at the grain landing ports to show higher contamination rates in grain commodities.
These results indicate that contaminant seeds spill from imported grain in grain landing ports, and highly
contaminated species are likely to become established. We clearly show that weed seed contamination in
grain commodities plays an important role in propagule pressure. Gathering information about the
prevalence of weeds in grain-exporting countries and monitoring the weed species composition in
imported grain commodities is becoming increasingly important for predicting the unintentional
introduction of troublesome weeds and identifying effective weed management options.

Introduction
An expansion of international trade has promoted the introduction and spread of alien species beyond
their native range. Biological invasion has received considerable attention because invasive alien species
often cause biodiversity losses, ecosystem modi�cations, and deleterious impacts on the economy (Mack
et al. 2000; Pimentel et al. 2001).

Potential alien species must successfully go through several stages to become fully invasive (Williamson
and Fitter 1996; Blackburn et al. 2011). The �rst stage is introduction: species are brought into new
locations beyond the limits of the native range. The second is establishment: species make self-
sustaining populations in locations where they are introduced. The third is spread: species expand their
distribution in new locations away from the point of introduction.

Many studies have focused on the establishment and spread stages to identify species traits associated
with invasiveness or habitat characteristics associated with susceptibility to invasion (Burke and Grime
1996; Pyšek and Richardson 2007; Divíšek et al. 2018; Van Boheemen et al. 2019). During the last decade
however, propagule pressure (the number of individuals released into a region where they are not native
and the number of introduction events per unit time) has been recognized as one of the most important
factors for successful establishment and spread in alien species invasions (Holle and Simberloff 2005;
Lockwood et al. 2005; Simberloff 2009). Colautti et al. (2006) proposed that propagule pressure should
form the basis of a null model for invasive studies. Although some studies have evaluated the role of
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propagule pressure in the case of intentional introductions for tree plantations (Pyšek et al. 2009),
ornamental plants (Lavoie et al. 2016), or pet birds (Cassey et al. 2004), few researchers have examined
the empirical relationships between propagule pressure and successful establishment in the case of
unintentional introduction (see Lee and Chown 2009; Lawrence and Cordell 2010).

The international grain trade is a major pathway of unintentional introduction (Hulme 2009) because
various weed seeds contaminate grain commodities (Asai et al. 2007; Shimono and Konuma, 2008;
Michael et al. 2010; Wilson et al. 2016). Japan is a global leader among grain-importing countries;
approximately 25 million tons of grain are imported each year (Ministry of Agriculture, Forestry, and
Fisheries 2020). Consequently, a large number of weed seeds are unintentionally introduced into Japan.
These weed seeds spill out of grain commodities during unloading, transportation, and usage, and some
of them establish successfully (Shimono et al. 2015). Moreover, some species derived from grain
commodities have become problematic weeds in farmlands and natural habitats (Kurokawa et al. 2004;
Lehan et al. 2013; Higuchi et al. 2017). Therefore, the assessment of the role of weed seeds in imported
grain commodities as propagule pressure can provide basic information for effective weed management
practices and prevention measures for the further introduction of alien species.

International trading ports are primary introduction sites for contaminant weed seeds in imported grain,
providing a valuable model system to compare the stages between the introduction and establishment of
alien species. In this study, we surveyed the weed seed contamination of wheat imported into Japan, and
the contamination rate was calculated for each species based on our survey and previous studies on
weed seed contamination (Asai et al. 2007; Wilson et al. 2016). We also conducted a vegetation survey
on 10 grain landing ports, where relatively large amounts of grain commodities were imported every year,
and 10 non-grain landing ports where cargos other than grain are imported. Then, we compared the
vegetation between grain landing ports and non-grain landing ports to con�rm whether there was a
difference in vegetation between the two types of ports. Furthermore, we evaluated the relationship
between the distribution pattern of each species at each type of port and the contamination rate of each
species in grain commodities to con�rm whether the species typical of grain landing ports were likely to
be derived from seed contaminants in grain commodities. We also assessed the relationship between
residence time (time since the introduction) and abundance of each alien species because not only
propagule pressure but also residence time are crucial for determining whether a species is established
(Richardson and Pyšek 2006; Pyšek et al. 2009). We evaluate the role of grain trade as propagule
pressure, and our results will be useful for risk assessment of the alien species introduction pathways to
avoid further ecological and economic losses.

Methods
Study sites

We selected 20 international trading ports in Japan, including 10 grain landing ports and 10 non-grain
landing ports (Fig. 1). The grain included cereals, rice, corn, pulses, and millet. We de�ned the grain
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landing port as a port where an average of two hundred thousand tons or more of grain were imported
annually (Ministry of Land, Infrastructure and Transport 2020). The non-grain landing ports, where less
than approximately ten thousand tons of grain were imported annually, were chosen as close as possible
to each grain landing port to reduce geographical bias. We classi�ed the two ports of Mikawa and
Kitakyusyu as non-grain landing ports, although more than ten thousand tons of grain are imported
annually. These ports are divided into multiple geographically separated districts, and different types of
cargo are handled depending on the district. We chose study sites far from grain handling districts in the
two ports (supplementary material Fig. 1).

Vegetation survey

From 2016 to 2018, we surveyed the vegetation at each port twice a year: spring (from May to June) and
fall (from September to October). Twenty 100 m transects were set along the roads in each port. For grain
landing ports, we selected the roads near silos and the entrances used by fodder companies, or the main
roads used to carry cargo away from the ports. For non-grain landing ports where there are no silos and
fodder companies, we selected the roads near the landing places or the main roads. All �owering or
fruiting herbaceous plants were recorded along each transect with a width of 1 m from both road edges.
Moss, woody plants, and planted horticultural plants were excluded from the records. The species were
identi�ed according to Satake et al. (1981, 1982a,b), Osada (1989), Shimizu et al. (2001), Shimizu (2003),
Umezawa (2007), Yashiro (2007), Uemura et al. (2010), and Flora-Kanagawa Association (2018). The
nomenclature followed Yonekura and Kajita (2003). The species were classi�ed as native to Japan or
alien, and the introduction year (the earliest record in Japan) of each alien species was identi�ed
according to Shimizu et al. (2001), Muranaka (2008), Uemura et al. (2010), and Flora-Kanagawa
Association (2018).

Identi�cation of propagules in wheat imported into Japan

We investigated the propagules derived from imported wheat. Japan imports wheat from the USA,
Canada, and Australia, which, when combined, account for 99% of all wheat imports to Japan (Ministry
of Finance 2020). We obtained three 20 kg samples of �ve wheat classes imported between 2006 and
2007, three classes of the US wheat (Hard Red Winter wheat: HRW, Western White wheat: WW and Dark
Northern Spring wheat: DNS), one class of Canadian wheat (No.1 Canada Western Red Spring wheat:
CW) and two classes of Australian wheat (Australian Standard White wheat: ASW, Prime Hard wheat:
PH). Seeds other than wheat were picked out from each wheat sample following the method described by
Shimono and Konuma (2008). The seeds were identi�ed on the basis of the shape, size, color, and texture
of the surface (Martin and Barkley 1961; Davis 1993; Ishikawa 1994; Guo 1998), and the number of each
type was counted. To verify seed identi�cation, some of the seeds were germinated and grown in an
isolated garden to maturity, and then the plants were identi�ed (Osada 1989; Flora of North America
Editorial Committee 1993+; Flora-Kanagawa Association 2018). These seeds were provided by the
National Institute for Agro-Environmental Sciences to Y. Shimono at Kyoto University and were stored in
an airtight container with silica gel at room temperature (20–28°C).
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Calculation of the contamination rate of each species detected from imported grain

The contamination rate of each species detected from imported grains was calculated using the data
from our survey and previous studies (Asai et al. 2007; Wilson et al. 2016). Asai et al. (2007) studied
weed seed contamination in imported winter crops (wheat, barley, rye, oats, and canola) in Japan, mainly
from the USA, Canada, and Australia, from 1993 to 1995. Although the top three imported grains in Japan
are corn, soybean, and wheat, we could not obtain corn and soybean (or other crop) samples imported
into Japan. Therefore, we used data from Wilson et al. (2016). They have published a list of weed seed
contaminant species reported in 947 samples of 10 imported grain crops (corn, rice, soybean, cereals,
pulse, canola, sun�ower, �ax, millet, and sorghum) in Canada from 2007 to 2015. More than 75% of these
crops, except rice, were imported from the USA. Japan also imports 70% of corn and 70% of soybean
from the USA (Ministry of Finance 2020). Therefore, the list in Wilson et al. (2016) can be substituted for
propagules in Japan. In Wilson et al. (2016), the data of corn, soybean, cereals, and sorghum were used
because the import volumes of the other grains from the USA into Japan were small (less than 1 million
tons).

Using data from our survey and Asai et al. (2007), the relative frequency of each species was calculated
by dividing the number of seeds of each species by the total number of seeds detected from each
sample. Wilson et al. (2016) showed the number of lots in which seeds of each weed species had been
detected. Therefore, the relative frequency of each species was calculated by dividing the number of lots
in which seeds for each species were detected by the total number of lots. These values were weighted by
multiplying the relative quantity of each crop import for 10 years from 2007 to 2016 (Ministry of Finance
2020; supplementary material Table 1). Finally, we calculated the average value of each species for all
grains, and this value was considered the contamination rate of each weed species in each study. The
contamination rate was divided into 40 ranks, and the results of the three studies were averaged.

Statistical analyses

Plants identi�ed at the species or genus level were used for analysis. To compare the number of native
and alien species between the grain landing ports and the non-grain landing ports, we used a generalized
linear model (GLM) assuming a negative binomial distribution using the log-link function including the
port type (grain landing port or non-grain landing port) as an independent variable. Shannon’s index of
diversity was calculated for each port to assess species diversity among ports. A non-metric
multidimensional scaling (NMDS) analysis based on Bray-Curtis distances was conducted using the
number of transects that each species was recorded at each port to assess the vegetation similarities
among ports. We also performed an indicator species analysis (INSPAN) to identify representative
species that can characterize each port type. We selected species with an indicator value (IV) > 0.25, and
signi�cance level (P-value) < 0.05 as the indicator species (Dufrene and Legendre 1997). We checked
whether these indicator species were reported to be contaminated in imported grain using the data from
our survey and previous studies (Shimizu et al. 1995; Asai et al. 2007; Wilson et al. 2016).
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To assess whether highly contaminated species were more distributed at the grain landing ports, we
examined the relationship between the average contamination rate and the distribution pattern for each
species. Because the above-mentioned NMDS analysis separated 20 study ports into the grain landing
ports and the non-grain landing ports by axis2 in both spring and fall, we used the NMDS score of axis2
of each species as an index of how the species tended to be distributed according to the port types.

To evaluate whether high propagule pressure and long residence time are associated with the
establishment success of alien species in port areas, we calculated Kendall’s rank correlation coe�cients
between the average contamination rates or the introduction year and the abundance (total number of
transects that each alien species was recorded at each port type). Six species whose introduction years
were not identi�ed, 11 species introduced before 1800, and 11 crops were excluded from the analysis.

Differences in contaminated species composition among grain samples were also assessed by using the
NMDS analysis based on the data of relative frequency of each species for each grain sample. First, we
compared species composition among wheat classes in our survey at the species level. Second, we
compared the species composition of cereals (wheat, barley, oats, and rye) among three studies at the
genus level (our survey, Asai et al. (2007) and Wilson et al. (2016)).

Statistical analyses were performed using R version 4.0.0 (R Core Team 2020).

Results
Comparison of vegetation between grain and non-grain landing ports

In total, 612 species were recorded within 64 families; 601 species were identi�ed to the species level and
11 to the genus level (supplementary material Table 2). The Poaceae was the dominant family (123
species), followed by Asteraceae (96 species) in both seasons (Fig. 2). In grain landing ports,
Brassicaceae and Amaranthaceae were the third most dominant families in spring and fall, respectively.
In the non-grain landing ports, Caryophyllaceae and Fabaceae were the third most dominant families in
spring and fall, respectively. A total of 238 alien species and 141 native species were recorded in spring,
and 220 alien species and 223 native species were recorded in fall. The numbers of alien species per port
in spring and fall were signi�cantly higher in the grain landing ports (mean ± standard error: 66.4 ± 6.22
and 50.0 ± 2.39) than in the non-grain landing ports (49.5 ± 4.60 and 40.4 ± 2.83) (spring: P = 0.024, fall: P 
= 0.007), but the number of native species did not differ signi�cantly between the port types in both
seasons (Fig. 3). As a result, Shannon’s indices of diversity for the grain landing ports (6.05 ± 0.14 and
5.95 ± 0.06) were slightly higher than those of non-grain landing ports (5.79 ± 0.13 and 5.87 ± 0.10) in
both seasons.

The NMDS analysis showed that the 20 study ports were separated along the latitudinal gradient,
Hokkaido, Tohoku, and the western area from Kanto by axis1 and were separated into the grain landing
ports and the non-grain landing ports by axis2 in both spring and fall (Fig. 4). This indicated that
vegetation was not only strongly affected by climate but also by port types.
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According to the INSPAN, 16 indicator species were identi�ed for the grain landing ports in spring
(Table 1a). Among them, three species (wheat, barley, and rapeseed) were crops. All the remaining 13
weed species were reported to be contaminants in imported grains. Only two indicator species, white
clover (Trifolium repens) and slender rush (Juncus tenuis), were identi�ed for the non-grain landing ports
in spring (Table 1a). White clover was reported to be a contaminant in imported grains. In the fall, all six
indicator species of the grain landing ports and one of six indicator species of non-grain landing ports
were reported as contaminant species (Table 1b). The indicator species of the grain landing ports were
recorded in almost all the grain landing ports, while the indicator species of the non-grain landing ports
were also frequently recorded in the grain landing ports (supplementary material Fig. 2).

Contaminant seed composition in wheat

A total of 59,229 contaminant seeds were detected from the wheat samples, belonging to 92 types from
15 families (supplementary material Table 3). Seventy-three were identi�ed at the species level, 17 to the
genus level, and 2 to the family level. Poaceae was the most dominant family, with 25 types, followed by
Brassicaceae (17), Polygonaceae (12), Asteraceae (8), and Amaranthaceae (6). The number of
contaminant seeds per 20 kg of the wheat sample ranged from 375 to 6,975.

The species composition was different among the wheat classes (Fig. 5). Two classes of winter wheat
from the USA (HRW and WW) contained many seeds of cheatgrass (Bromus tectorum), wild oats (Avena
fatua), and jointed goatgrass (Agilops cylindrica). One class of spring wheat from the USA (DNS)
contained many seeds of Setaria species and wild oats. Seeds of oilseed rape (Brassica spp.) were the
most abundant in Canadian wheat (CW). Seeds of annual ryegrass (Lolium spp.) accounted for 75% of
all contaminants in one class of Australian wheat (ASW). Another class of Australian wheat (PH) was
characterized by seeds of African turnip weed (Erucastrum austroafricanum), which were detected only in
this wheat class.

The NMDS analysis of the contaminant seed composition in wheat showed remarkable differences
between North America and Australia and between eastern and western Australia (Fig. 6a). There was a
moderate difference between winter and spring wheat in North America.

The differences in the contaminant seed composition of cereals among countries also appeared even if
the studies were analyzed together (Fig. 6b). The composition of the 2010s cereals, mainly from the USA
(Wilson et al. 2016), was similar to that of the 2000s DNS USA wheat. However, there were some
differences in the composition of wheat imported from the USA in the 1990s (Asai et al. 2007) and the
2000s (our survey). The 1990s wheat from the USA in Asai et al. (2007) had a higher proportion of seeds
of burningbush (Bassia scoparia), barnyardgrass (Echinochloa crus-galli var. crus-galli), Rumex spp., but
no seeds of jointed goatgrass, which were abundant in the 2000s winter wheat from the USA in our
survey. The weed seed compositions of Canadian grains were roughly similar between the 1990s (Asai et
al. 2007) and the 2000s (our survey), although the Canadian grain in Asai et al. (2007) had a high
proportion of seeds of corn spurry (Spergula arvensis); however, the seeds were not detected in CW in our
survey.
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Relationship between the distribution pattern and the contamination rate

The NMDS analysis based on the vegetation at each port separated 20 ports into the grain landing ports
and the non-grain landing ports by axis2 in both spring and fall (Fig. 4). Therefore, we used the NMDS
score of axis2 of each species as an index of how the species tended to be distributed according to port
types; species with positive scores were distributed more in the grain landing ports, and species with
negative scores distributed more in the non-grain landing ports. The scatter plots between the NMDS
scores of axis2 and the average contamination rates showed that species with positive scores tended to
have higher contamination rates than species with negative scores in both seasons, indicating that
species whose distribution was biased in the grain landing ports tended to show high contamination
rates (Fig. 7). There was only one species, yellow foxtail (Setaria pumila), with a negative score and a
high contamination rate of more than 10. Only sun�ower (Helianthus annuus) and jointed goatgrass were
not con�rmed to be established despite contamination rates of more than rank 10.

Factors affecting abundance of alien species at ports

The contamination rate was positively correlated with the abundance of alien species recorded at grain
landing ports, but not with the abundance of alien species recorded at non-grain landing ports in both
seasons (Fig. 8a). The introduction year was negatively correlated with the abundance regardless of the
port type and season (Fig. 8b). Most of the highly abundant species were �rst recorded before 1950.
These results indicate that weed seed contamination plays a role as a propagule pressure only at the
grain landing ports, while a longer residence time promotes the establishment of alien species at both
ports.

Discussion
Our study revealed that the vegetation was clearly different between the grain landing ports and the non-
grain landing ports throughout Japan (Fig. 4). Alien species were more abundant in the grain landing
ports than in the non-grain landing ports in spring and fall (Fig. 3). In the grain landing ports,
Brassicaceae and Amaranthaceae species were recorded more frequently than in the non-grain landing
ports (Fig. 2). Both were the dominant families in contaminant species in imported grains (Shimono and
Konuma 2008; Wilson et al. 2016; Gervilla et al. 2019). Furthermore, all the indicator species of the grain
landing ports in both seasons were reported to be contaminated in imported grain (Table. 1) and there
was a tendency that more abundant species at the grain landing ports to show high contamination rates
(Fig. 7, 8). These results indicate that seeds of contaminant species spilled from imported grains
establish and increase species diversity in the grain landing ports. Actually, there was a positive
relationship between the number of transects where wheat was recorded and the volume of imported
cereals at each port (supplementary material Fig. 3).

We calculated the contamination rates based on three studies. The survey years varied from 1993 to
2015 according to the particular study. Weed species composition may have changed over the past 20
years. As the NMDS analysis showed that the contaminant seed composition of cereals was different
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between countries, even if the studies were analyzed together (Fig. 6b), it could be said that there has
been no major change in 20 years. However, there were some differences in the contaminants in wheat
imported from the USA in the 1990s (Asai et al. 2007) and in the 2000s (our survey). This may indicate a
change in weed �ora in the agricultural �elds in grain-exporting countries, or it may be due to different
sampling methods.

Only one species, yellow foxtail, was more widely distributed in the non-grain landing ports despite its
high contamination rate. This species, native to Eurasia, is a common weed all over the world and also in
Japan (Steel et al. 1983). As this cosmopolitan species is abundant throughout Japan, the effect of
introduction by imported grain could be ambiguous.

Like the yellow foxtail, there are many cosmopolitan species contained in imported grains, such as lamb's
quarters (Chenopodium album), shepherd’s purse (Capsella bursa-pastoris), barnyardgrass, and green
foxtail (Setaria viridi). Various lineages, which have different genetic compositions from the strains native
to Japan, have been introduced from foreign countries because some of them, such as mouse-ear cress
(Arabidopsis thaliana) (Platt et al. 2010) and shepherd’s purse (Cornille et al. 2016), show geographically
structured genetic variation. Therefore, non-native lineages with high reproduction capabilities may
expand and displace native lineages, as has occurred in Phragmites australis (Saltonstall 2002; Pyšek et
al. 2018). Given a lack of reproductive barriers between native and non-native lineages, there is a risk of
hybridization between them. Heterosis achieved by hybridization enhances invasiveness (Ellstrand and
Schierenbeck 2000).

Sun�ower and jointed goatgrass were not established at any port despite their high contamination rates.
Sun�ower has been cultivated in Japan for more than 300 years and occasionally escapes, but it has
rarely become established in Japan (Flora-Kanagawa Association 2018). This species may not be able to
adapt to wild environments in Japan and, thus, fails to establish. The causes of a failed establishment
can be estimated by comparing life-history traits between species that failed to establish and those that
succeeded in establishing. This framework is invaluable for understanding the process of biological
invasion because few studies have considered the effect of different life-history syndromes on the
relationship between establishment success and the numbers introduced (Cassey et al. 2014). However, it
is unknown whether the lineages that have been cultivated in Japan and the lineages that have been
introduced by the grain trade have similar ecological traits. For example, velvetleaf (Abutilon theophrasti),
introduced as a contaminant in imported grains in the 1990s, was ecologically, morphologically, and
genetically different from one that had been cultivated since the 1800s in Japan (Kurokawa et al. 2004).
The former has become a troublesome weed in summer row crops in Japan.

On the other hand, jointed goatgrass was �rst recorded in Japan in 1973. It became a troublesome weed
with changes in wheat production practices since 1970s in the USA (Donald and Ogg 1991). Jointed
goatgrass cannot be controlled in winter wheat by herbicides because it is genetically related to wheat,
and the spikelets are similar in size to wheat seeds, which makes its removal from contaminated grain
di�cult (Donald and Ogg 1991). Although the seeds of jointed goatgrass were abundant in the 2000s
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winter wheat from the USA in our survey, they were not detected in the 1990s wheat from the USA (Asai et
al. 2007). Thus, the introduction of this species into Japan is thought to have increased over the last few
decades. Many successful colonizing species have been resident for more than 50 years (Fig. 8b).
Therefore, the unsuccessful establishment of jointed goatgrass may relate to short residence time. It will
be necessary to investigate carefully whether this species will establish and increase in Japan in the
future.

Moreover, herbicide-resistant weeds such as palmer amaranth (Amaranth palmeri) have been increasing
in recent years worldwide (Gaines et al. 2010). Highly contaminating species are known as major weeds
in farmlands, and these species are often reported to be herbicide-resistant (Owen et al. 2014). Herbicide-
resistant weed seeds have been reported as contaminants in commercial grains (Michael et al. 2010;
Shimono et al. 2010), and the establishment of herbicide-resistant weed species is common at major
grain landing ports in Japan (Shimono et al. 2015; Shimono et al. 2020). Gene �ow via pollen or seed
movement from resistant plants could promote the rapid expansion of resistance alleles to previously
herbicide-susceptible populations (Busi et al. 2011).

Thus, it is becoming increasingly important to monitor the occurrence of weeds in grain-exporting
countries and the weed species composition in imported grain commodities to predict the contamination
of troublesome weeds and identify effective weed management options.

Conclusion
Although it has long been recognized that various weed seeds are contained in imported grains, the
relationship between the establishment and the number of individuals introduced has not previously been
evaluated. We have revealed that grain commodities play an important role in propagule pressure. Our
�ndings support previous studies showing propagule pressure is one of the best predictors for the
establishment success of alien species (Lockwood et al. 2005; Simberloff 2009). Furthermore, our results
show there is a relationship between propagule pressure and successful establishment, even in the case
of unintentional introductions. The management of pathways represents the frontline in the prevention of
biological invasions. Knowledge of the goods traded and their origin and destination should enable
reasonable estimates of the risk of alien species introduction.
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Tables
Table 1 Indicator species for the grain landing ports and the non-grain landing ports in spring (a) and fall
(b) according to an indicator species analysis (INSPAN). Indicator species are classi�ed into three
categories; C: crop species, A: alien species and N: native species. Species with records of contamination
in imported grain are checked in the last column.
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Figure 1

Locations of 20 study ports and the import volumes of grain. The volume of grain is the sum of those
imported directly from overseas and those transferred from other ports in Japan. The volume is the
average from 2007 to 2016. Grain includes cereals, rice, corn, pulses, and millet. Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.
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Figure 2

Composition of the plant species at the family level in grain landing ports and the non-grain landing ports
in spring (a) and fall (b). Values show percentages.
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Figure 3

Average number of alien and native species in the grain landing ports and the non-grain landing ports in
spring (a) and fall (b). Bars represent standard errors.
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Figure 4

Non-metric multidimensional scaling (NMDS) ordination diagrams based on the plant species
compositions of ports in spring (a) and fall (b).
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Figure 5

Percentage distribution of the number of weed seeds detected from each class of wheat. The seeds are
grouped by family. Names of species or genera with especially large numbers of seeds are shown.
Bottom maps show major growing areas of each wheat class. Abbreviations are as follows: HRW, Hard
Red Winter wheat; WW, Western White wheat; DNS, Dark Northern Spring wheat; CW, No.1 Canada
Western Red Spring wheat; ASW, Australian Standard White wheat; PH, Prime Hard. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.
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Figure 6

Non-metric multidimensional scaling (NMDS) ordination diagrams based on the weed seed compositions
of wheat classes (a) and cereals (wheat, barley, oats, and rye) in three studies (b). The country means the
‘cereal-exporting country’. The details of the study refer to the text. Abbreviations are as follows: B, barley;
C, cereals; O, oat; R, rye; W, wheat; HRW, Hard Red Winter wheat; WW, Western White wheat; DNS, Dark
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Northern Spring wheat; CW, No.1 Canada Western Red Spring wheat; ASW, Australian Standard White
wheat; PH, Prime Hard wheat.

Figure 7

Relationship between the distribution pattern and the average contamination rate of each species in
spring (a) and fall (b). The x-axis shows the NMDS score of axis2 of each species. Species with positive
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scores distributed more in the grain landing ports, and species with negative scores distributed more in
the non-grain landing ports.

Figure 8

Relationship between contamination rate (a), introduction year (b), and abundance of alien species
recorded at grain landing ports and non-grain landing ports in spring and fall (b). Kendall's rank
correlation coe�cients are shown. ' P < 0.06; * P < 0.05; ** P < 0.01.
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