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Abstract

Weedy rice (Oryza sativa L.) presents a formidable challenge in global paddy cultivation due
to its morphological similarity to cultivated rice, making its eradication difficult. To address
this, an integrated weed management system (IWMS) was developed and collected across
various regions in Kaohsiung, Taiwan, from 2018 to 2020. This study evaluated the efficacy
of the IWMS in controlling the spread of weedy rice through systematic applications
in three distinct agricultural zones: Meinong Contractual (MC), Meinong Public Stock
(MP), and Shanlin Public Stock (SP). The data reveal a consistent decline in weedy rice
invasion with sustained implementation of the IWMS, alongside improvements in seed
purity and corresponding grain quality. These enhancements not only mitigate the adverse
effects on seed purity but also elevate grain quality, thereby curtailing yield losses and
bolstering economic returns. Further analysis indicates that the patterns of weedy rice
invasion correlate strongly with geographical and agronomic variables, such as the source
of seedlings, land preparation techniques, field management, and the sharing of agricultural
implements. Consequently, raising farmer awareness and providing specialized training
on management strategies are crucial for effective prevention of weedy rice.

Keywords: grain quality; integrated weed management system; weedy rice; Oryza sativa L.

1. Introduction

Weed infestation is a common biotic stress in paddy fields, leading to yield reduction
and quality decline. Except for barnyard grass [Echinochloa crus-galli (L.) P. Beauv.], weedy
rice (Oryza sativa L.) is the most competitive weed, resulting in yield loss of 16% in Vietnam,
50% in Italy, 46% to 58% in Greece, 27% to 45% in the United States, and 60% to 100%
in Malaysia [1]. Due to its weedy traits, such as semi-dwarfism, delayed heading, and
high shattering etc., removing weedy rice from infested fields is quite difficult. Our
previous results indicated that early shattering contributes to wide dispersal of seeds [2].
Furthermore, strong competitiveness for nutrition and tolerance of stress make weedy rice
harmful to cultivated rice [3,4]. Since their morphology in early stages are similar, it is
difficult to identify weedy rice from cultivated rice. Weedy rice belongs to the genus Oryza,
the same as cultivated rice [5].

Previously, studies have indicated that weedy rice propagates primarily through
three mechanisms: seed-mediated contamination [2,6,7], seedling emergence from soil
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seed banks [8-10], and pollen-mediated introgression [11-13]. With the progressive mech-
anization of agricultural production, particularly in paddy cultivation, the sharing of
mechanical harvesters among farms has exacerbated the inadvertent mixing of weedy
rice seeds with cultivated rice seeds. Such cross-contamination has been documented in
regions such as Taiwan. In recent years, the contamination rate between cultivated and
weedy rice has ranged from 0.02% to 6.36%, with a median value of 0.28% [14]. Conse-
quently, weedy rice infestations can readily spread from contaminated fields to previously
uninfested ones [15,16].

Some cultivation systems such as direct seeding and ratoon cropping provide more
opportunities for weedy rice seeds to accumulate in soil [2,5,7,17,18]. Under these systems,
more weedy rice seeds can be saved in soil seed banks, resulting in stronger damage
due to weedy rice in the upcoming cropping season. Moreover, volunteer seedlings from
previous crops are another probable contaminant, specifically, weedy rice with stronger
shattering [19-21]. Finally, because of close genetic relationships between weedy rice and
cultivated rice, introgression can easily happen between the populations through natural
hybridization [8,22,23]. For example, the gene flow from cultivated herbicide-resistant
rice to weedy rice significantly raised the difficulty of weed management in Brazil [24,25].
Farmers have difficulties distinguishing between weedy and cultivar. One of the effective
means is breaking the spread of weedy rice. Research suggests that the spread path
of weedy rice should be blocked with careful consideration of climate and agricultural
practices adopted [8]. However, diverse agricultural practices are adopted all over the
world, making it difficult to apply one certain method throughout the world. Therefore,
it is urgent to customize weedy rice control methods depending on different situations,
including climate, farmers” habits, and cropping systems.

Historical records from 1906 to 1921 indicate that red rice control measures were
systematically implemented in Taiwan, effectively mitigating seed contamination problems
in subsequent decades. Until 1959, certain red rice landraces were still recommended for
cultivation in regions with limited irrigation capacity [26]. A 2020 survey reported that
the contemporary dissemination of red rice was predominantly associated with mechani-
cal transplanting and the shared use of agricultural machinery, facilitating its northward
propagation from earlier-planted, warmer southern regions [2]. The contribution of pollen-
mediated gene flow to this spread appears negligible, with most contamination events
arising from seed or seedling contamination. Currently, more than 80% of Taiwan’s rice
cultivation area is devoted to japonica rice, creating extensive opportunities for outcrossing
and genetic introgression between japonica cultivars and Taiwan weedy rice (TWR) [2]. The
predominance of transplanted rice and continuous cropping systems, both highly mecha-
nized, further exacerbates the potential for admixture. Socioeconomic analyses reveal that
Taiwanese rice farmers can be broadly categorized into three operational groups; approx-
imately 62.5% engage in public procurement, 29.4% participate in contract farming, and
only 8.1% are primarily responsible for seedling nursery production [14]. These structural
characteristics of the farming system provide critical insight into potential contamination
pathways and management priorities.

In weedy rice contaminated areas, people can use color sorters to remove weedy rice
and unwanted seeds. However, this is inefficient and the effects of weedy rice on rice
quality are still unclear. Thus, producing an effective control strategy is important. In our
previous work, we designed a series of weedy rice control strategies named the integrated
weed management system (IWMS) [2]. We suggested that for smallholder rice farmers
in Taiwan, three procedures to prevent weedy rice were (1) usage of certified rice seeds,
(2) flooding and proper land preparations after harvesting, and (3) application of pre-
herbicide after transplanting. To reveal the system’s effectiveness, in the present study,
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we collected grain samples from cultivation area adopted those strategies in Taiwan, and
assessed weedy rice contamination levels and rice quality to evaluate benefit of the con-
trol strategy on both yield conservation and quality confirmation across different rice
producing systems.

2. Materials and Methods
2.1. Samples Collection and Grouping

To assess the implications of weedy rice in various smallholder trans-planting systems,
this experiment revealed the effects of the INMS weed control strategies on weedy rice
prevention. We provided a series of weed manage methods to some rice growers and
sampled from their production. In Taiwan, one grower usually manages several fields
located on different land parcels via the same practice. As a result, samples collected from
land parcels managed by an individual grower were recognized as an identical seed lot.
Information from each of the seed lots and their corresponding land parcels was recorded
for analysis.

The cultivation area of all samples in the present study was located in Kaohsiung,
Taiwan. According to their location and product buyer, samples were divided into three
groups. Samples in the Meinong Contractual (MC) group were cultivated in Meinong
district, Kaohsiung, managed under a contractual farming system, following strict regu-
lation. Meinong Public Stock (MP) samples were also cultivated in the Meinong district,
but without certain regulations. Their production was operated by the government to
supply public grain. The Shanlin Public Stock (SP) samples were cultivated in Shanling
district, Kaohsiung, not following specific regulations and were purchased by the govern-
ment to become public stock grain as well. Samples were collected in the first cropping
season of 2018, 2019, and 2020; 2018 is recognized as the basic year that the weed manage
methods were applied after harvest. The agricultural practices applied in three groups
before and after 2018 are listed in Table 1. A famous high-quality Taiwan rice cultivar,
Kaohsiung 147 (KH147), was cultivated in the MC group, while another popular high-yield
Taiwan rice cultivar, Taitung 30 (TT30) was cultivated in the MP and SP groups.

2.2. Sample Processing

Grain samples were first dried to 13~15% seed moisture content to obtain grain
weight. Then, they were dehulled with a TAKA-YAMA MTH-35A polisher (TAKA-YAMA,
Taichung, Taiwan) to obtain the brown rice weight. After that, total kernel number were
estimated by dividing the brown rice weight by the thousand-grain weight, measured by
random sampling from each group from each year. Finally, weedy rice was hand-separated
from each sample, and the weedy rice contamination rate was defined as the proportion of
weedy rice mixed in the brown rice.

In addition to effect of agricultural practice on weedy rice prevention, we also aimed to
explore the relationship of weedy rice contamination and grain quality. Therefore, samples
of KH147 and TT30 were separated and some of these were randomly chosen to measure
their head rice rate, milled rice rate and chalky kernel rate. First, brown rice samples were
milled with a YAMAMOTO VP-32 rice polisher (YAMAMOTO, Osaka, Japan) to obtain the
milled rice weight. Next, the milled rice rate was calculated as the proportion of milled rice
weight to brown rice weight. Last, each sample was analyzed for three times with TMPZ-A
rice quality detector (TOP Cloud-agri, Hangzhou, China) to obtain the average head rice
rate and chalky kernel rate.
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Table 1. Summary of weedy rice invasion in collected data. Cultivar, management, grain qual-
ity requirement, and IWMS from 2018 to 2020 in Meinong Contractual, Meinong Public, and
Shanlin Public.

Factor Sub-Factor IWMS Clz/ﬁll-l;g::lgal Meinong Public Shanlin Public WR Source
Cultivar KH147 TT30 TT30
. Following certain . Smallholder not
Systde'n? atie Management regulation under S::taalilr}':(;}edflgg (t)liollowmg following certain
condition contractual system & regulation
Grain quality requirement High level No certain requirement No certain
requirement
Purchased from Purchased from numerous Purchased from a
: - nurseries using uncertified . :
Before IWMS certain nurseries ds or some farmers saved few nurseries using
using certified seed EZZ dz gyst?leniszlve: s save uncertified seeds
Source of seedlings ;
Purchased from Some Purchgsed rom Purchased from .
. . nurseries using certified seed, . . Seed mediated
After IWMS certain nurseries some purchased from certain nurseries contamination
using certified seed P . using certified seed
nurseries using normal seed
First crop Sharing with Sharing with growers acrossa~ J1ring with
season Agricultural implement neighbors in a small bie ar & & neighbors in a small
area garea area
Land preparation Dry tillage Dry tillage Dry tillage
Crop Rice Rice Rice
Cropping system Transplanting Transplanting Transplanting Seledlingsbfrolr(n
soil seed ban
Number of preemergent Before IWMS ! 01 !
herbicide application times A fter IWMS 2 0-1 2
Number of weedings 1-2 0-1 0-1
Land preparation Before IWMS No-tillage Dry tillage Dry tillage
Second cro i
onan P After INMS Wet-tillage Dry tillage :’i‘{le;gtglage or dry
. . . Rotation (green
Cropping system (crop) Fallowing Rotation (green manure) manure)
Inter-season Cropping system (crop) Rotation (red bean) Fallowing Fallowing
Acceptance of IWMS Enforce Median High
Awareness of weedy rice invasion High Low Median

2.3. Data Analysis and Visualization

Data processing and statistical analyses were performed using R software
version 4.1.2 [27]. First, to reveal relationship between geographical factors and weedy rice
contamination, we visualized the contamination rates on a map using ggplot2 [28] and
ggmap packages [29]. Cadastral boundary data were obtained from the Meinong Farmers’
Association and Shanlin Farmers’ Association and converted to geographic coordinates
using the sf [30] and rgdal [31] packages through a WGS84 projection transformation
(EPSG:4326). To quantify the relationships between weedy rice contamination and three
key grain quality parameters—head rice rate, milled rice rate, and chalky kernel rate—
simple linear regression analyses were conducted using the Im function in R [32] with
default parameters. The resulting regression models were visualized with the base R plot
function [32]. For improved interpretability, the dataset for each cultivar was stratified
into six groups based on contamination rate. Within each group, the mean and standard
deviation values of head rice rate, milled rice rate, and chalky kernel rate were computed
to illustrate variation patterns across contamination levels. Analysis of variance (ANOVA)
was performed using the “agricolae” package [33] to evaluate variations among popu-
lations. For variables that reached a significant level, Fisher’s protected least significant
difference test (LSD test) was applied to determine significant differences among groups.
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3. Results

3.1. Weedy Rice Contamination and Management
3.1.1. Weedy Rice Contamination

The dataset encompassed a total of 3852 seed lots in two districts, respectively,
Meinong and Shanlin in Kaohsiung city (Figure 1). The two regions exhibited distinct rice
production systems. Meinong encompassed two models, MC and MP, whereas Shanlin
was characterized by the SP model (Table 1). The sampling distribution of the three models
is presented; 13% of the MP area and 35% of the MC area were not sampled in Meinong,
while unsampled areas accounted for 10% of the SP model in Shanlin (Figure 2).

In 2018, 2019, and 2020, measurements revealed noteworthy trends in weedy rice
contamination across different groups. The results indicated the Meinong Contractual (MC)
group consistently reported the lowest rates of contamination annually. In contrast, the
Shanlin Public Stock (SP) group exhibited higher median and mean contamination rates
than the Meinong Public Stock (MP) in 2018 and 2019 (Table 2). However, by 2020, the mean
contamination rate for SP sharply declined to 1.59 %o, significantly lower than MP’s rates.
The maximum contamination rates further illustrated this trend, with MC consistently
showing the lowest values each year, whereas MP exhibited the highest, ranging from
0%o to 575%.

This pronounced reduction across both MC and SP from 2018 to 2020 suggests that
the Integrated Weed Management System (IWMS) effectively mitigated weedy rice prolif-
eration in these settings. Yet, the surge to 575.49%. in MP in 2020 hints at localized issues
that skewed the average, despite a lower median rate. Notably, over half of the seed lots
in MC were from fields identified as ‘clean’, signaling a substantial triumph of IWMS in
curtailing weedy rice within this group.

Shanlin

Meinong

1
120 122

long

Figure 1. Location of sampling sites. Yellow dots indicate sampling sites in SP, orange dots indi-
cate sampling sites in MP and MC, located in Shanling district and Meinong district, Kahsiung,
Taiwan, respectively.
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Public grain system in Meinong
2019

2018-2020
Total area :1518
(ha)

Non-sampling field
35%

2020

Public grain system in Shanlin

2019 2018-2020
Total area :159 (ha

Non-sampling field
10%

Contractual system in Meinong

2019 2018-2020
Total area :514 (ha)

Non-sampling field
13%

Figure 2. Sampling field rate in Meinong contractual and public grain systems, and in the Shan-
lin public grain system. Yellow, green, and blue represent sampling field rates in 2018, 2019,
and 2020, respectively.
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Table 2. Contamination rate, clean field number and proportion, and land parcel sampling area of different group from 2018 to 2020.
Seed Lot Land Parcel
Thousand-Grain Weight ination (% :
Group Total Area (ha) Year N 8 Contamination (%o) Clean Field :

P of Brown Rice (g) Seed Lot Number Land Parcel Sampling Area (ha) Sampling Area
Mean + SD Min Median  Max Field Number Proportion (%) Number Coverage (%) t

2018 213 274 0.76 + 3.23 0.00 0.31 5222 98 35.77 1040 206.62 68.87

MC 300 2019 20.3 309 0.73 £1.12 0.00 0.56 16.43 49 15.86 1250 245.37 81.79

2020 21.0 270 0.45 £ 1.04 0.00 0.00 11.93 142 52.59 1176 224.73 7491

2018 22.7 679 11.30 +15.33 0.00 5.85 121.23 72 10.60 1890 347.00 28.92

MP 1200 2019 21.6 735 6.90 +12.17 0.00 3.14 143.11 24 3.27 2322 417.42 34.79

2020 237 1162 6.30 & 44.56 0.00 0.48 575.49 250 21.51 3628 630.63 52.55

2018 247 129 18.11 +16.31 0.00 15.28 113.16 2 1.55 429 78.79 60.61

SP 130 2019 242 129 10.58 +13.12 0.00 6.20 77.49 5 3.88 424 79.18 60.91

2020 221 165 1.59 +2.94 0.00 0.80 25.25 9 5.45 486 92.70 71.31

t Coverage rate = Sampling Area/Total Area.



Agronomy 2025, 15, 2754

8 of 16

3.1.2. Geographical Distribution of Weedy Rice Contamination

The contamination rate of weedy rice observed in the field is likely to be related to
local cultivation practices. Therefore, in investigating regional disparities, cadastral data
linked to each seed lot were analyzed, with findings displayed in Table 2. MC boasted the
highest coverage of sampled area, contrasting sharply with MP’s limited scope. This is
because MC involved contractual cooperation between farmers and the farmers’ association,
providing clearer information on farmers’ backgrounds and ensuring higher compliance,
which facilitated sample collection. The mapping of weedy rice contamination rates onto
geographical coordinates (Figure 3) revealed distinct patterns among the groups. Both MC
and SP maintained consistent contamination distributions over the three years, whereas
MP exhibited variability annually, suggesting regional influences on the efficacy of IWMS.
Although the spatial distribution of seed contamination was similar between MC and SP
over the three years, seed purity in the MC model increased from 94.8% in 2018 to 98.8%
in 2020, whereas in the SP model it ranged from 88.7% to 97.5%. This difference may
be attributed to the SP cultivation system, in which rice production is grown only once
cropping season per year, thereby reducing the seed bank in the soil.
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Figure 3. Seed purity distribution of MC, MP, and SP across 2018, 2019 and 2020 on maps. The color
intensity indicates seed purity. When weedy rice invasion was more severe, the seed purity was
lower, and the color in the figure is closer to red.
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3.2. Weedy Rice Contamination and Grain Quality

Weedy rice is known to cause detrimental effects not only on yield but also on grain
quality. To ascertain the impact of weedy rice invasion on grain quality, samples from
KH147 and TT30 cultivars were analyzed for key quality indicators such as milled rice rate,
head rice rate, and chalky kernel rate. Scatter plots and corresponding linear equations
(Figures 4 and 5) elucidated the relationships between weedy rice contamination and these
quality metrics. The results showed that in KH147, the percentage of head rice decreased
with increasing contamination rate, exhibiting a negative correlation (R? = 0.78). A similar
trend was observed for the milled rice rate (R? = 0.85). In contrast, the chalky grain rate of
KH147 showed a positive but weaker correlation with contamination (R? = 0.56) (Figure 4).
On the other hand, the variety TT30 displayed trends similar to those of KH147, except that
its chalky grain rate exhibited a stronger positive correlation (R2=0.77) (Figure 5). These
findings indicated that contamination by weedy rice reduces rice quality, particularly by
lowering the milled rice rate and head rice rate, and increasing the proportion of chalky
grains. Further, the linear regression results also suggested that KH147 is more resilient to
contamination effects than TT30, maintaining superior head and milled rice rates under
lower contamination pressures.

814

794

R*=0.7786

OB BRBRRANNANDDD
LEBERREEB328833R

chalky rice(%)

y =-0.0102x* - 0.7758x + 73.764 1 y =-0.0327x% + 1.3436x + 24.298
R?=0.9523 £ R? = 0.5567

3 4 5 7 8 0 i 2 3 3 5
Contamination(%) Contamination(%)

Figure 4. Boxplots of head rice rate (%), milled rice rate (%), and chalky kernel rate (%) of KH147
grouped by seed purity (%). Red dots indicate means of each group, red lines indicate regression
lines, and equations and correlation coefficients are labeled above the regression lines.

R?=0.9765 ‘ l

y =-0.9952x" - 16.203x + 78.294
| R?=0.8126

y = 3.8768x*+ 4.0441x + 6.4182

2 -
- R*=0.7751

milled rice(%)
chalky rice(%)

Conlamn‘a(-on(%) ) Comamn‘axm(%)

Figure 5. Boxplots of head rice rate (%), milled rice rate (%), and chalky kernel rate (%) of TT30
grouped by seed purity (%). Red dots indicate means of each group, red lines indicate regression
lines, and equations and correlation coefficients are labeled above the regression lines.

Data aggregation by contamination rate (Table 3) highlighted significant variability,
likely due to the limited dataset size. This is because KH147 was sampled within the
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MC’s farmer pool, whereas TT30 was collected from the MP and SP. Additionally, as
contamination increased, TT30’s chalky kernel rate rose, whereas the head rice and milled
rice rates for both cultivars declined. The contamination rate for KH147 in MC was
markedly lower than that for TT30, underscoring differential impacts across cultivars and
groups. The two varieties were developed with different breeding objectives in Taiwan.
KH147 is an aromatic rice variety, selected primarily for grain quality, with breeding
goals focused on minimizing the influence of environmental factors and biotic stresses. In
contrast, TT30 was bred for high yield due to its efficient nitrogen utilization, which makes
it more susceptible to increased chalky grain rates, thereby affecting grain quality.

Table 3. Rice quality (milled rice rate, head rice rate, and chalky kernel rate) of KH147 and TT30
under different contamination conditions.

Cultivar Contamination (%) Number of Samples Milled Rice Rate (%) Head Rice Rate (%) Chalky Kernel Rate (%)
0 10 73.32 £ 2.67 at 68.87 £2.20a 9.02+7.69a
0-1 13 7199 + 234 a 68.89 + 2.69 a 653+475a
1-2 9 7330 £ 2.67 a 6672 + 408 a 685+ 652a
KH147 23 2 74.69 +2.63 a 65.77 £7.90 a 4.60 + 557 a
34 3 70.89 £ 3.63 a 58.88 £ 470 b 1151 + 1414 a
>4 3 72.86 + 0.86 a 63.24 £ 6.67b 477 £348a
0 15 7219 £391a 63.10 £ 3.73 a 2484+ 1117a
0-10 39 69.90 + 3.85b 6073 £582a 2840 + 1390 a
10-20 20 73.01 £ 499 a 62.02£6.73a 2524+ 1545a
TT30 20-30 14 70.49 + 424 a 58.58 = 7.22 a 2632+ 9.83 a
3040 4 7171 + 434 a 6157 £ 2.14a 4209 + 1038 a
>40 8 67.35+ 5.92b 5537 + 1051 b 31.92 + 12,66 a

t Values are expressed as the mean and standard deviation of each group, and means within a column within
the same cultivar followed by the same letter(s) are not significantly different at 5% level, according to Fisher’s
protected LSD test.

4. Discussion

4.1. Weedy Rice Management and Agricultural Practices
4.1.1. Seed-Mediated Contamination

Regarding global paddy rice production, more than 50% of rice-cultivated areas are
under transplanting systems. Transplanting systems have higher yield potential, mainly
due to the protection from weeds during the rice seedlings’ initial growth period [34,35].
However, this may also be the reason for the contamination by weedy rice. Seed-mediated
contamination is one of the major ways that weedy rice spreads, including using unclean
seedlings and sharing agricultural implements [21,36]. In Taiwan, most rice growers
purchase seedlings from nurseries [14]. If cultivated rice seeds used by the nursery are
not certified, it is possible that they are contaminated by weedy rice seeds. Only a small
amount of contaminant weedy rice seeds in cultivated rice seeds can cause considerable
damage in fields [17].

In the present study, growers in the MC group had been asked to purchase seedlings
from nurseries using certified seeds before introduction of IWMS. This may be one of the
majors reason why weedy rice contamination of their product was the lowest throughout
the three years (Table 2). After introduction of the IWMS, most of the SP group growers also
tended to purchase seedlings from those nurseries who used certified seeds (Table 1), which
contributed a lot to the dramatic decrease in the weedy rice contamination rate from 2018
to 2020 (Table 2). In contrast, some MP growers still purchased seedlings from nurseries
using uncertified seeds (Table 1), which probably made the weedy rice contamination rate
in the MP group the highest in 2020 (Table 2). Because the low temperature in Northern
Taiwan delays the growth of seedlings and makes them useless for transplanting, long
distance seedling transfer is common in Taiwan, promoting long distance seed-mediated
weedy rice contamination [14].



Agronomy 2025, 15, 2754

11 of 16

Another common situation that seed-mediated weedy rice contamination happens in
is agricultural implement sharing [18,37]. Since most of rice growers in Taiwan are small
holders, implement sharing is an important way to cut costs. However, if implements are
shared between weedy rice-infested fields and clean fields without completely cleaning up,
this becomes a great opportunity for weedy rice to invade the clean fields [2,17,38,39].

Because of geographical limitation, growers of in the SP group used to share imple-
ments with their neighbors only. Instead, open geographical structure of Meinong made
long=distance implement sharing easier for growers in the MP group (Table 1). This may be
one of the reasons why weedy rice contamination rates kept decreasing in SP but stopped
dropping in MP from 2019 to 2020. Figure 2 also shows some evidence that geographical
features lead to regional differences in weedy rice contamination patterns among groups.
Only the MP group had different contamination rate distributions on the maps across the
three years. We suggest that the open geography Meinong gave the weedy rice more oppor-
tunity to transfer through the region through transport of seedlings or sharing implements,
which caused strong regional invasion and changed the distribution.

4.1.2. Soil Seed Bank

Volunteer seedlings from the soil seed bank are another major route of weedy rice
invasion, especially in direct-seeded rice (DSR) [40,41]. Owing to desired traits like early
shattering, weedy rice seeds can easily accumulate in the soil seed bank [42,43]. Some
agricultural practices, such as dry tillage and fallowing, allow these seeds to keep dor-
mancy till the following cropping season and become volunteer seedlings [40]. To solve
this problem, wet tillage or other kinds of land preparation that keep land moist before
seedling transplanting are recommended [44,45]. These kinds of land preparation promote
weedy rice seed germination before seedlings are transplanted, helping farmers remove
them easily [46].

In this study, we found that dry tillage and fallowing were widely adopted before
2018. Thus, we highlighted the importance of wet tillage between the first and second
cropping season when we introduced IWMS in the regions (Table 1). This was the most
important alteration in the MC group with the application of IWMS. A happy cooperation
led to steady decline of weedy rice contamination rate in group MC (Table 2). Unlike
the Meinong district which is full of water resources, the Shanling district usually faces
water restriction in winter due to its location and geographical features. Therefore, it was
sometimes difficult to apply wet tillage in the SP group, especially in the region along foot
of the mountain, far from the river and at the end of the irrigated area (Figure 2). This
limitation made the contamination rate of SP remain the highest in 2019.

Another common solution against volunteer seedlings is pre-emergent
herbicide [45,46]. However, the depth of seeds saved in the soil seed bank is usually
uneven, making volunteer seedlings germinate at different times. Hence, germination-
delayed seedlings might escape from containment, because complex factors in the field
could affect weed seed germination under natural conditions [47]. As a result, we suggested
increasing herbicide application times to extend the efficacy (Table 1). This was the other
alteration applied in the MC and SP group, which may have been one of the important
factors contributing to the decreased contamination rate.

Straw burning was also a popular method of preventing volunteer seedlings [48]. It
was not only beneficial for weedy rice prevention, but also induced straw decomposition.
However, this operation has been banned by the government for over twenty years in
Taiwan; in our previous study, we found weedy rice contamination grew from then on [14].
According to the present study, we suggest that wet tillage should be a favorable alternative.
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4.1.3. Pollen-Mediated Contamination

In addition to contamination via seeds, seedlings, or the soil seed bank, pollen-
mediated admixture could also occur in weedy rice populations (e.g., in direct-seeded
fields or through pollen flow from herbicide-resistant weedy rice). Previous studies have
shown that long-distance admixture primarily arises from seedling transport or shared
agricultural machinery in Taiwan’s transplanted rice production system. However, only
3% (17/552) of collected Taiwan weedy rice lines are highly heterozygous indica—japonica
hybrids, which could be attributed to pollen-mediated contamination [2]. Taiwan weedy
rice populations are mainly indica cultivars carrying the DGWG-sd1 recessive semi-dwarf
gene, while japonica cultivars occupy approximately 90% of the cultivated area. Because
offspring of pollen-mediated admixture often exhibit greater plant height than semi-dwarf
japonica varieties, these can be easily identified and removed at maturity, due to the pro-
nounced height difference. Consequently, during the heading stage, tall weedy rice plants
can be manually removed with minimal effort.

4.2. Grain Quality and Variety

Weedy rice invasion has been found to cause yield loss and rice quality reduction in
numerous studies [49,50]. Singh et al. [37] concluded that weedy rice invasion damage
morphophysiological characteristics of grains, including milling rice yield, head rice rate,
and chalky rice rate. Chalky endosperm was found to decrease kernel strength and lower
head rice rate [51]. Color sorting, which is used to remove weedy rice seed from harvested
grains, is one solution to this problem for some growers. However, removing weedy rice
seeds after harvest cannot advance grain quality. In the present study, we analyzed the
grain quality of KH147 and TT30 from samples with different contamination rates (Table 3).
Limited by the data structure, range of samples contamination rate of KH147 was extremely
smaller than TT30. Nevertheless, we can still roughly conclude that the grain quality of
KH147 was more easily affected by weedy rice invasion than that of TT30 (Figure 3). In
Taiwan, KH147 is a widely used high-quality cultivar, while TT30 is a well-known high-
yield cultivar. When weedy rice invasion explodes, yield loss usually quickly arises for
high-quality cultivars. However, the current results suggest that even if the yield loss of
the high-yield cultivar seems to be slight, grain quality may be harmed significantly. Thus,
weedy rice prevention should be an important focus in rice cultivation.

4.3. Benefit of INMS

Weedy rice invasion limits rice production. In severe cases, farmers were even forced
to dispose of the harvest to reduce the loss [52]. The Clearfield rice production system
(CPS) was one previous weedy rice manage method [16] known for its negative effect on
the environment, because of the possibility of increased herbicide resistance in weedy rice,
gained from Clearfield rice via gene flow. Widespread use of herbicide is also harmful to the
environment [20,53]. In our previous study, we proposed a series of clean and environment
friendly weedy rice management methods [2,14], later named IWMS. In the present study,
we provided this to growers, who were grouped as MC, MP, and SP. From the results,
we summarize that it can effectively control weedy rice invasion. It not only reduced the
weedy rice contamination rate but also maintained the grain quality.

The results of this study demonstrate that when the contract-farming cultivar KH147
grown in the MC region experienced an increase in weedy rice contamination from
0% to 0.4%, the milled-rice rate (78%) declined by approximately 6%, while the head-
rice rate (69%) decreased substantially to 62%. This reduction in grain quality corresponds
to an estimated economic loss of nearly NTD 16 million across the 300 ha production zone,
assuming a market value of NTD 83 per kg of milled rice [54]. In contrast, the MP and
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SP regions, where the high-yielding cultivar TT30 predominates, exhibited a rise in con-
tamination from 0% to 2%, resulting in a 3% decline in milled-rice rate (from 73% to 70%)
and a 2% decline in head-rice rate (from 59% to 57%). The estimated economic loss for the
1200 ha conventional-cultivation area was approximately NTD 12 million, based on a
market price of NTD 40 per kg [54]. These quantitative outcomes underscore that even
low-level contamination can impose substantial economic penalties, primarily through
diminished processing efficiency and reduced market value.

Although the present estimation excluded secondary variables such as market volatil-
ity, climatic fluctuations, and post-harvest quality deterioration, the data nevertheless
indicate that IWMS can confer significant agronomic and economic benefits. However,
grower compliance remains a crucial determinant of IWMS efficacy (Table 1). Only farmers
in the MC region, operating under contractual obligations, fully implemented all recom-
mended measures. Farmers in the SP region showed comparatively high voluntary adop-
tion, whereas participation in the MP group—the largest production category—remained
low to moderate.

Disparity in adoption intensity is likely to be a primary explanatory factor for the
regional variation in IWMS effectiveness. Comparable challenges regarding farmer par-
ticipation were noted in our previous investigation [14] and further corroborated [16].
Accordingly, future promotion of IWMS should prioritize the enhancement of farm-
ers’” awareness, technical capability, and training opportunities. Strengthening these
socio-behavioral dimensions will be fundamental to achieving long-term suppression
of weedy rice populations and ensuring the sustainable management of Taiwan’s
paddy agroecosystems.

5. Conclusions

In the present study, we emphasize the importance of using certified seedlings, wet
tillage, and additional application of pre-emergent herbicide in the promotion of our weedy
rice manage strategy (IWMS). We not only show the efficiency of IWMS for weedy rice
prevention, but also demonstrate that weedy rice invasion is harmful for grain quality. Ge-
ographical features and growers” acceptance should be considered to make the application
of IWMS successful.
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The following abbreviations are used in this manuscript:

CPS Clearfield rice production system
DSR Direct-seeded rice

IWMS  Integrated Weed Management System
KH147 Kaohsiung 147

MC Meinong Contractual
MP Meinong Public Stock
SP Shanlin Public Stock

TT30 Taitung 30
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