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Abstract

Seed dispersal by humans plays an important role in determining vegetation structure.
The seeds of Asian plantain (Plantago asiatica L.) form adhesive mucilage upon hydration,
facilitating their attachment to shoes and subsequent dispersal via epizoochory. We investi-
gated the efficacy of this mechanism under various urban environmental conditions. After
trampling wild P. asiatica stands, the number of seeds attached to shoe soles was counted.
The remaining seeds were then counted after walking at designated distances (1, 2, 5, 10, 20,
50, 100, 200, 500, and 1000 m). The following results were obtained: (1) The retention rate
after walking 1000 m varied by shoe type (slip-on (kakkusu) work shoes, 15.4%; leather
shoes, 3.4%; rubber boots, 2.7%; running shoes, 13.5%; and sandals, 12.4%). (2) Within the
first 50 m of walking, on average more than half of the attached seeds fell off under all
investigated conditions. Significantly fewer seeds remained after walking 50 m on asphalt
(30.9% of the initial seeds) than on grass (48.2%), whereas after walking 1000 m, similar
proportions (15.4% on asphalt and 15.7% on grass) remained on the work shoes. These
results indicate that human-mediated short- and long-distance dispersal of mucilaginous
seeds of this species is effective in diverse urban environments.

Keywords: human-vectored dispersal; anthropochory; epizoochory; long-distance dispersal;
short-distance dispersal; myxospermy; myxodiaspory; adhesion; clothing

1. Introduction

Human-mediated dispersal [1], also called anthropochory [2], has two important
consequences. First, it determines the distribution and abundance of plants in many
regions worldwide [3,4], including urban areas [5], protected areas [6], and arid regions [7].
Second, unexpected introduction of seeds by humans is a major concern in protected
areas [2,4,8]. Human-mediated dispersal can be classified into human-vectored and human-
altered dispersal [3,4]. Human-vectored dispersal refers to the direct transfer of diaspores
(i.e., units of dispersal) by humans or by human-driven objects, such as vehicles [9-11],
cargo [12], and livestock [13]. Human-altered dispersal refers to the indirect effects of
humans on natural dispersal [3,4]. Given these key roles, human-mediated dispersal has
recently become a major research topic [2,4].

Dispersal by animals (including humans) can be classified into three categories [14]:
endozoochory (i.e., dispersal after eating [15,16]), synzoochory (i.e., dispersal associated
with seed caching or storage [17,18]), and epizoochory (i.e., dispersal by attachment to
body surfaces [19,20]). Compared with the first two categories, however, epizoochory
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has been less studied [21,22], even though it plays important roles in both short- and
long-distance dispersal [13,23]. Epizoochory is achieved via a variety of mechanisms,
including attachment with hooks, hair, or adhesive substances [20,24]. In some species, the
diaspores produce polysaccharide mucilage, a phenomenon known as myxodiaspory (for
diaspores) [19], myxocarpy (for fruits) [25], or myxospermy (for seeds) [25,26]. Some of
these mucilages become adhesive after wetting [27,28] and have been hypothesized to act
as glue, assisting in seed dispersal during epizoochory. However, although this hypothesis
has long been recognized (e.g., Ref. [29]), quantitative evidence remains limited [30].

Several species in the genus Plantago produce polysaccharide seed mucilage (e.g., P.
afra [31], Asian plantain (P. asiatica) [23,32], P. indica (syn. P. psyllium) [31], P. major [33,34],
and P. ovata [35-37]), which is primarily composed of hemicelluloses [31]. Recently, our
previous study (Abe et al. [23]) provided quantitative experimental evidence that the seed
mucilage of Asian plantain (P. asiatica) facilitates seed dispersal during epizoochory by
acting as glue to promote attachment to shoes. Subsequently, Dosil Hiriart et al. [19,21],
using both living and taxidermied birds, experimentally showed that the fruit mucilage
produced by the herb Adenostemma brasilianum effectively facilitates attachment to feath-
ers using both living and taxidermied birds. Furthermore, studies by Sato et al. [20,38]
and Mohammed et al. [39,40], using taxidermied animals and sheep fleece, respectively,
also provided empirical evidence that the seeds of several species that produce adhesive
substances can effectively attach to the animal surfaces. Despite these recent advances,
however, except for the field walking experiment by Abe et al. [23], the efficacy of seed
mucilage in epizoochory has been tested primarily in controlled environmental conditions.
Furthermore, the experiment by Abe et al. [23] was performed only in limited field condi-
tions (i.e., one type of road (sandy soil) using only one type of shoe). To test the general
validity of the efficacy of seed mucilage in human-vectored dispersal, it is necessary to
conduct experiments under conditions that realistically reflect urban environments. To
fill this knowledge gap, the present study aimed to assess the general effectiveness of
seed-produced mucilage in human dispersal, focusing on the attachment of seeds to shoes.
We hypothesized that seeds of P. asiatica can be effectively dispersed by humans in diverse
urban environments.

2. Materials and Methods
2.1. Study Species

Asian plantain (Plantago asiatica L.) (Plantaginaceae) is a rosette-forming perennial
herb (Figure 1a) native to East Asia, including Japan [41], Korea [42], China [43], Eastern
Siberia [44], and the Russian Far East [44]. From summer to early autumn, its inflorescences
and infructescences extend above the rosette (Figure 1a), producing dehiscent fruits (pyx-
ides) (see Ref. [23] for a photograph of the fruits). Its seeds produce sticky mucilage upon
hydration (Figure 1c). In Japan, this species is a common weed growing in open or partially
shaded habitats, such as roadsides. Although it is also used in traditional medicine [43-46],
its potential to invade high-altitude protected areas has recently become a concern [47,48].
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Figure 1. (a) A stand of Asian plantains (Plantago asiatica L.) at the study site showing its inflorescences
and infructescences, some containing mature seeds. (b) Mature seeds (before wetting) typically
measure 1-2 mm in length. (c) A wet seed covered in mucilage held with tweezers. Photographs
taken by (a) Kohei Koyama on 30 August and (b,c) Sota Inomata on 14 November 2024.

2.2. Study Site and Plant Materials

The experiments were conducted from 29 August to 21 September 2024, at the
Asahikawa Campus of the Hokkaido University of Education (43°47' N, 142°21’ E, 107 m
a.s.l.), located in an urban area of Asahikawa City in Hokkaido, which is in a cool tem-
perate region of Japan. The site is within 4 km of the Asahikawa Local Meteorological
Observatory. The mean annual temperature and precipitation during 2005-2024 at the
observatory were 7.54 °C and 1119 mm, respectively (weather data were obtained from
the Japan Meteorological Agency, retrieved on 2 February 2026). On the campus, P. asiatica
naturally grows along roadsides, including both sunlit and partially shaded habitats. For
the following experiments, we haphazardly chose P. asiatica stands that had a sufficient
number of mature fruits at the time of the experiment.

2.3. Walking Experiments

In the following two experiments (Sections 2.4 and 2.5), we performed trampling and
1000 m walking trials, following the procedure described by Abe et al. [23] with some
modifications. Each trial consisted of five steps: (1) a participant selected one P. asiatica
stand section. Before trampling, the stand, including its fruits and seeds, was hydrated
using tap water from a watering can. (2) Wearing shoes, the participant trampled the stand
20 times. Each section was used only once during the experiment by marking the tramped
section. (3) The participant carefully removed their shoes to avoid seed loss, placed them
on a plastic tray, and carried them to the walking experiment’s starting point. (4) At the
starting point (i.e., the 0 m point), the participant counted the number of seeds attached
to the shoes. If none were found (i.e., only four cases among all 120 trials), the trial was
stopped with the initial seed number recorded as zero. (5) The participant put the shoes
back on, started walking at a constant normal speed, and stopped at designated distances
(1, 2,5, 10, 20, 50, 100, 200, 500, and 1000 m from the starting point) to count the seeds
attached to the shoes while sitting on a portable chair. The walking lanes were 50 m in
length, requiring round trips for distances greater than 50 m. The trial concluded at 1000 m.
The differences from the study by Abe et al. [23] were as follows: (1) we used different
study locations (cities); (2) we used different participants, leading to variation in shoe
length [26.0 cm (present study), vs. 24.5 cm (Abe et al. [23])]; (3) we artificially hydrated the
stands in the current study, whereas Abe et al. relied solely on natural rainfall.
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2.4. Shoe Comparison Experiment

In the first experiment, we compared five shoe types (Figure 2). Each shoe type was
tested over 20 walking trials. Although the shoes varied in design, all had synthetic rubber
soles with different tread patterns. For consistency, only an asphalt road (see Section 2.5
below) was used for all trials.

Kakkusu

Figure 2. Shoes used in the experiments (slip-on work shoes (kakkusu), leather shoes, rubber boots,
running shoes, and sandals). Photographs taken by Sota Inomata between 2024 and 2025.

2.5. Road Comparison Experiment

In the second experiment, we assessed dispersal effectiveness on different road sur-
faces. We selected two walking lanes (grass vs. asphalt) on the university campus (Figure 3).
For consistency, only one type of shoe (“kakkusu” work shoes; see Figure 2) was used
in this experiment. The grass lane was covered with machine-trimmed grasses (Poaceae
spp.) with occasional eudicots (e.g., Taraxacum officinale, Rumex obtusifolius, and Plantago
lanceolata) and was selected to exclude areas where P. asiatica grew. Each lane underwent 20
walking trials. The above two experiments (Sections 2.4 and 2.5) were performed only when
the surface of the asphalt road was dry. We did not control other factors (e.g., temperature,
weather, and wind speed); these uncontrolled factors were treated as random effects in the
subsequent GLMMs.

@ b

Figure 3. (a) Asphalt and (b) grass lanes used in the walking experiment. Both lanes were 50 m long.

The yellow line in the grass lane was a measuring tape. Photographs were taken by Sota Inomata and
Yudai Kudo in September 2024.
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2.6. Data Analysis

A total of 120 trials were performed, consisting of 100 trials on the asphalt road using
the five shoe types (20 trials per type) and 20 trials on the grass lane using only the kakkusu
shoes. Data from the 20 trials using the kakkusu shoes on the asphalt road were used
in both the shoe and road comparison analyses. Consequently, both the shoe-type and
road-type analyses were performed using a consistent sample size of 20 trials per group
(e.g., grass vs. asphalt, with the five shoe types).

Data were analyzed with R ver. 4.5.2 [49] using the cowplot [50], ggbeeswarm [51],
ggplot2 [52], and Ime4 [53] packages. First, we constructed generalized linear mixed models
(GLMMs) with the function glmer (family = poisson (link = “log”)) to compare seed attach-
ment across shoe types after the trampling (but before walking), with shoe type as the fixed
effect. The Poisson distribution was used to predict the positive and discrete dependent
variables [54] (i.e., the number of seeds attached to shoe soles after the trampling). Second,
we tested whether shoe type or road surface influenced seed retention on the shoes. The
fraction of seeds remaining on shoe soles at each distance was calculated as the total number
of seeds remaining at a given distance (1 m to 1000 m) divided by the total number of seeds
initially attached after the trampling (i.e., at 0 m), with both values summed across all 20
trials (n = 20 per road/shoe type). The retention rates after walking 50 m and 1000 m, which
can be considered as indicators of short- and long-distance dispersal, were compared using
the logistic regression GLMMs with the function glmer (family = binomial (link = “logit”))
with shoe type or road surface as the fixed effect. We used the binomial distribution to
predict binary outcomes (i.e., remaining or falling off) [54]. In all GLMMs, both participant
variation and the experiment date were included as random intercepts.

3. Results

A total of 8180 seeds were attached to the shoe soles across 120 trials. In all experiments,
seeds attached to the shoes remained intact (i.e., not crushed) after walking (Figure 4).

Figure 4. Plantago asiatica seeds attached to the soles of running shoes. Photographs taken by Sota
Inomata on 16 September 2024.

3.1. Shoe Type Comparison

After the trampling but before the walking experiments, the number of seeds adhered
to the leather shoes (median: 37; mean: 42.8 seeds per pair) was similar to that of the
kakkusu work shoes (median: 36; mean: 50.1), with no significant difference in the mean
(p = 0.068). In contrast, significantly more seeds attached to all other shoe types than to the
kakkusu work shoes (p < 0.01) (Figure 5; median: rubber boots, 41.5; running shoes, 87;
sandals, 34.5; mean: rubber boots, 75.4; running shoes, 109; sandals, 81.8).
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Figure 5. (a) Total number of Plantago asiatica seeds attached to shoe soles after the trampling and
before walking (i.e., at the 0 m point). Each black closed circle indicates the number of seeds on a pair
of shoes recorded in each trial (n = 20 per shoe type). Beeswarm plots (black circles) are superimposed
on the red boxplots, in which the lower and upper hinges (the horizontal edges of the boxes) indicate
the 25th and 75th percentiles, respectively, and the red horizontal bars within the boxes indicate the
medians. (b) Fraction of seeds remaining on shoe soles after walking, calculated as the total number
of seeds remaining at a given distance divided by the total number of seeds initially attached (i.e., at
0 m), with both values summed across all 20 trials (1 = 20 per shoe type). The dataset is available in
the Supplementary Materials.

Seed retention rates after walking 50 m on the asphalt road differed among the shoe
types (Figure 5b; kakkusu work shoes, 30.9%; leather shoes, 16.8%; rubber boots, 13.3%;
running shoes, 34.6%; and sandals, 34.0%). The leather shoes and rubber boots retained
significantly fewer seeds than the other types (p < 0.01), while the differences among the
remaining shoe types (kakkusu shoes, running shoes, and sandals) were not significant
(p > 0.397).

Seed retention rates after walking 1000 m showed a similar pattern (kakkusu work
shoes, 15.4%; leather shoes, 3.4%; rubber boots, 2.7%; running shoes, 13.5%; and sandals,
12.4%). The leather shoes and rubber boots were significantly less effective at retaining
seeds for long-distance dispersal than the other types (p < 0.01), whereas the differences
among the remaining shoe types (kakkusu shoes, running shoes, and sandals) were not
significant (p > 0.368).

3.2. Road Type Comparison

Total numbers of 836 and 1166 seeds were attached to the kakkusu work shoes after the
trampling and were used for the subsequent asphalt and grass experiments, respectively.
After walking 50 m, 30.9% (asphalt) 48.2% (grass) of seeds remained on the shoes, with
a significant difference (p < 0.01). After walking 1000 m, similar fractions of seeds, 15.4%
(asphalt) and 15.7% (grass), remained on the shoes (Figure 6).
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Figure 6. Fraction of seeds remaining on shoe soles at each distance, calculated as the total number
of seeds remaining at a given distance divided by the total number of seeds initially attached after
the trampling (i.e., at 0 m), with both values summed across all 20 trials (1 = 20 per road type). The
dataset is available in the Supplementary Materials.

4. Discussion

Short- and long-distance dispersal are central topics in seed ecology. Although there
is no consensus on their definitions [55], researchers agree that both are important for
the recruitment of plants. In the present study, we set 1 km as an arbitrary threshold for
long-distance dispersal. We found that after walking for 1 km, 15.4% (asphalt) and 15.7%
(grass) of the initially attached seeds remained on the kakkusu work shoes (Figure 6). These
values are comparable to the 20.8% retention rate for the same work shoes reported by Abe
et al. [23] after a 1 km walk on a sandy sports ground after natural rainfall events. In the
shoe comparison experiment, all tested shoes carried seeds for more than 1 km, though the
retention rates varied among shoe types (2.7-15.4%). These results indicate that seeds of P.
asiatica can be dispersed via human-mediated epizoochory in urban environments, and
the efficacy depends on conditions such as road surfaces and shoe types. Furthermore, it
should be noted that seeds attached to shoes can be carried beyond 1 km via vehicles after
walking for certain distances to parking lots or bus stops, as previously suggested [1,23].

The epizoochory of seeds on clothing is a result of interactions between seeds and their
environments [6], which in the present study consisted of both shoes and road surfaces.
Both the total number of initially attached seeds and the fraction of seeds remaining
on the shoes after the 1 km walk differed among the shoe types (2.7-15.4%, Figure 5b).
These observed differences among the shoes may be attributed to (1) shoe sole materials
and (2) shoe sole morphology, such as tread patterns and depth. Similarly, Mount and
Pickering [6] reported that the species composition of seeds attached to socks varies among
sock types, though they did not investigate the dispersal. Although the soles of all types of
shoes used in the experiments were made of synthetic rubbers, the hardness of the materials
varied. Some had soft soles (kakkusu work shoes, sandals, and running shoes), while others
had hard soles (rubber boots and leather shoes). Consistently with the results of the road
comparison experiment (hard asphalt vs. soft grass, Figure 6), more seeds remained on soft
surfaces than on hard surfaces after walking (Figure 5b). However, since we haphazardly
chose shoes based on availability and cost, we do not have detailed information on the
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shoe sole materials. Additionally, we did not measure the physical properties of the
shoe soles. Therefore, future studies are needed to test the effects of the physical and
morphological properties of shoe soles. This information will be useful in improving the
design of mountaineering shoes to minimize their impact on natural vegetation.

The other component of the seed environment is the road surface. Urban environments
are characterized by a mosaic of human-created road surfaces, such as asphalt and grass.
More seeds were dropped within the first 50 m of walking on the asphalt road than on
the grass (Figure 6). This may have been due to the difference in the hardness of the road
materials. Seeds on the soles of the shoes may have been scraped off more forcefully on the
hard asphalt than on the soft grass, resulting in a lower fraction of seeds remaining on the
shoes during walking. However, because we did not measure the physical properties of
the roads, further studies are needed to test the effects of the physical and morphological
properties of roads, which may play a significant role in determining urban vegetation and
in weed management in protected areas.

Overall, these results indicate that seeds of P. asiatica can be effectively dispersed by
humans in various environments. In most previous studies on human-vectored dispersal
(i.e., direct dispersal by humans or vehicles), investigators only recorded the number of
seeds on clothing or vehicles, without reporting quantitative dispersal distances. Hence,
quantitative assessment of dispersal distance remains very limited. As an exceptional case,
Wichmann et al. [1] reported dispersal distances of Brassica spp. seeds, which do not have
apparent sticky mucilage (James Bullock, personal communication). They reported that
most of the Brassica seeds attached to the shoes dropped off within the first 5 m of walking,
while some seeds were retained after 5 km. Although their results cannot be compared
directly to our findings because we stopped walking at 1 km, we observed a similar pattern:
a considerable fraction of seeds (33.1-61.5%) dropped off within the first 5 m, and over 50%
were lost within the first 50 m, while a small but non-negligible fraction of seeds (2.7-15.7%)
remained on the shoes after the 1 km walks (Figures 5b and 6).

Unintended seed flow into protected areas caused by humans is a major concern [3,4].
Although P. asiatica is used as a traditional medicinal plant [45,46], it is also a common
weed in Japan, especially in urban areas. Recently, its potential invasiveness has become a
serious concern in high-altitude protected areas [47,48]. To prevent unintended seed flow,
doormats and shoe-washing stations have been implemented. The present results, together
with those reported in our previous study [23], can be applied to enhance these prevention
techniques. Mount and Pickering [6] experimentally demonstrated that seeds can also
attach to clothing surfaces other than shoe soles (i.e., shoe sides, socks, or trousers). In the
present study, the participants deliberately stepped on the P. asiatica stands, resulting in
seed attachment mainly to the soles of the shoes (but not to other parts of the clothing).
Hence, only shoe soles were investigated. This differs from natural walking through stands,
in which seeds can stick to clothing anywhere. Additionally, although the importance of
vehicles (such as cars) in seed dispersal has long been recognized [56,57], they were not
investigated in the present study. Although these alternative mechanisms of seed dispersal
are not mutually exclusive to the present results on shoes, further inclusive studies are
needed to test them. Furthermore, we used artificial watering with a watering can, which
differs from the natural rainfall described in Abe et al. [23]. Given these limitations, future
studies should include tests using natural trampling and rainfall conditions.

Seed mucilage has versatile functions, other than in epizoochory (see recent reviews by
Kreitschitz and Gorb [30], Levengood et al. [58], Tsai et al. [59], and Yang et al. [60]). These
include absorbing and/or retaining water [61-65] and anchoring seeds to the soil (i.e., antit-
elechory) [66,67]. Some mucilages protect seeds from predators [68-72] or pathogens [73]
and protect seeds inside the digestive tracts of animals for subsequent endozoochory [74,75].
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Importantly, some of these studies on these alternative functions were conducted on con-
geners of the present study species Plantago asiatica L., such as P. albicans L. [64], P. arborescens
Poir. [75], P. coronopus L. [64], P. lagopus L. [64], P. lanceolata L. [64,73,74,76], sea plantain
(P. maritima L.) [66], P. minuta Pall. [63], blond plantain (P. ovata Forssk.) [66,72,74,76], and
psyllium (P. psyllium) [74,76]. In the present study, we focused solely on adhesion during
epizoochory in P. asiatica. Nevertheless, we emphasize that these alternative mechanisms
are not mutually exclusive with epizoochory. Therefore, the mucilage of P. asiatica seeds
may have multiple functions, and further studies are needed to test relative contributions of
these alternative functions in each ecosystem. Furthermore, although epizoochory occurs
through various mechanisms (e.g., attachment via hairs or spines [38]), we only tested one
species with sticky mucilage. Given these important limitations, further studies are needed
before generalizing the present findings.

5. Conclusions

Mucilaginous P. asiatica seeds attached to shoes can disperse over 1 km (i.e., long-
distance dispersal) on both asphalt and grass roads and via various shoe types. This
information is valuable for understanding and managing urban vegetation and preventing
the unintended introduction of seeds.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/seeds5020017/s1. All dataset (CSV file) used in the present analysis.
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