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Background: The introduction of new living modified (LM) crops may pose a latent threat
to the biodiversity of each country. Here, we used sunflowers (Helianthus annuus L.) as
a study system to investigate the potential for invasiveness of LM crops under different
environmental conditions when released into a natural ecosystem in South Korea. We examined the seed germination, survival, and flowering of sunflowers under competition
with wild plants at different sowing dates (March–December) and plot sizes (1 m × 1 m
and 2 m × 2 m).
Results: The germination rate showed a significant difference according to the sowing
date. In addition, several sunflowers survived in plots with a high germination rate, which
also led to a higher flowering rate. We found that the smaller the plot, the smaller the area
available for inter-species competition, and the higher the number of surviving sunflower
plants. The relative dominance and importance value of the species varied significantly
between the sowing dates; in particular, sunflowers sown in March could compete with
wild plants for longer than those sown on other sowing dates.
Conclusions: These observations indicate that the potential for invasiveness of sunflowers differs depending on the environmental conditions and seed density at the time of
release.
Keywords: environmental conditions, interspecific competition, invasiveness, living
modified crop, natural ecosystem, weediness

Introduction
Despite the growing commercial availability of living
modified (LM) organisms (LMOs) worldwide, the introduction of LM crops into the environment and agriculture
is still debated (ISAAA 2019). LM crops may be considered
invasive alien species if they do not have a typical distribution and do not occur anywhere in their natural environment until released (Shine et al. 2000). Thus, the escape of
transgenes can have serious impacts on environmental
safety, such as in the case of invasive alien species (Shine et
al. 2000). The potential for invasiveness of LM crops begins
with the transfer of transgenes to wild or weedy relatives
and the resulting transgenic hybrids can persist and spread
within wild populations through reproduction, leading to
changes in existing ecosystems (Pilson and Prendeville
2004; Warwick et al. 2009). Therefore, it is critical to examine whether a new LM crop is likely to persist or become invasive in natural ecosystems and agricultural habitats (Dale et al. 2002).
Newly introduced genes that confer resistance to biotic

and abiotic stresses (such as disease, herbivory, herbicides,
and environmental stresses) can have significant effects on
plant persistence and invasiveness (Snow and Palma 1997).
These transgenes in the natural ecosystems could improve
the competitiveness and fitness of their wild relatives
(Stewart et al. 2003). In particular, genes conferring resistance to herbivores could decrease wild herbivore populations that feed on wild plants (Pilson et al. 2002). However,
the analysis of these outcomes is complicated by the variability of events and the environmental conditions at the
location where the release occurs. Before the mass release
of LM crops into the environment, it is imperative to assess
their environmental impact under the specific conditions
of each ecosystem (Bošković and Žuža 2019). Thus, the
prediction of adaptable LM crops under various environmental conditions is an important component of ecological
risk assessment for LM crops, and determining their potential for weediness is a primary step of this process (Raybould 2010).
The proposed guidelines for the evaluation of LM crops
in the European Union (EU) include the following require-
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ments: a description of the species involved, the environment in which they occur, and their potential for interaction with other organisms within the ecosystem (EFSA
2006). Expert advice suggests that the methods for assessing the environmental impact of transgenic crops need to
be adapted to the specific conditions of each agricultural
system (Cantamutto and Poverene 2007; Ghosh and Jepson
2006). In addition, the guidance for the permission of LM
crops in the United States Department of Agriculture Anima l and Plant Hea lt h Inspection Ser v ice (USDA-APHIS) biotechnology regulatory services includes the
following requirements: monitoring for deleterious effects
on plants, non-target organisms, or the environment (USDA-APHIS 2011).
Watkinson et al. (2000) modeled the impacts of introduced herbicide-resistant LM sugar beets on weed abundance and examined the consequences for seed-eating bird
populations in farmlands in the United Kingdom. Raybould et al. (2012) evaluated the persistence and spread of
feral insect-resistant LM maize in Mexico, suggesting that
this species has low invasiveness and poses non-significant
ecological risks. In Japan, researchers measured the persistence of herbicide-tolerant LM Brassica napus spilled
along roadsides leading from ports over six years. The results showed that there was no increase in the populations
of this species and no invasion of native vegetation in the
Japanese environment (Katsuta et al. 2015).
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Although LM crops are not cultivated in South Korea,
more than 134,000,000 tons of LMOs have been imported
for use as food and feed over the last 14 years (KBCH
2022). An increase in the amount of imported LMOs has
led to their unintentional release into the environment,
and transgenic volunteers have been found along roadsides
around the import ports and near feed factories and livestock barns along the transport routes (Han et al. 2015;
Kim et al. 2006; Park et al. 2010). In addition, an accident
has led to the recent mass distribution and cultivation of
herbicide-resistant LM canola (GT73) and pest-resistant
cotton (MON531) in natural areas as well as in agroecosystems (KBCH 2017a; KBCH 2017b). To date, the annually
conducted LMO monitoring of natural ecosystems has
continuously confirmed reports of such unintentional releases (Lim et al. 2021).
South Korea has four distinct seasons; however, over the
last decade, frequent high- and low-temperature events
have shown a long-term warming trend (KMA 2020).
These changes in environmental conditions are expected
to increase the risk of the northward spread of invasive
species and have effects on the survival and reproduction
of invasive plants, such as the unintentionally released LM
crops (Adhikari et al. 2019; Hong et al. 2021). However,
there is little data regarding the effects of South Korean
environmental conditions on the potential for invasiveness
of LM crops. Therefore, in this study, we developed a study

Fig. 1 Photographs of the experimental field during each season
and sunflowers at different stages
of growth. (A) August 2020; (B) February 2021; (C) June 2021; (D) September 2021; (E) seedling stage; (F)
flowering stage; (G) seed-filling stage.
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system to evaluate the invasiveness of LM crops using sunflower and determined their presence and spread when released into a natural ecosystem—through germination,
survival, and competition with wild plants—according to
various sowing dates (representing different climatic conditions).

Materials and Methods
Plant material and field experiment

To investigate the survival, germination, and flowering
of sunflowers according to their sowing date, we used the
standard cultivar Jaeraejongja (height, 1.6–1.8 m; large
seeds) and the extreme dwarf type cultivar Jaeraejong3
(height, < 0.5 m; small seeds) (Nam and Han 2020). Field
trials were conducted from 2020 to 2022 in a confined field
at the National Institute of Ecology, Seocheon-gun, South
Korea (36° 01’ 43.0” N, 126° 43’ 22.5” E; elevation: 20 m), in
accordance with the “Guideline for the operation of the institute of LMO risk assessment under the jurisdiction of
the Ministry of Environment” (Fig. 1). Before sowing, the
fields were moldboard-plowed to a depth of < 15 cm and
then flattened. The soil type was loam with a moisture
content of 10.13 ± 0.94%, pH of 6.45 ± 0.19, organic matter
content of 4.25 ± 1.01%, P2O5 level of 20.13 ± 9.48 mg kg−1,
total nitrogen of 577.85 ± 87.6 mg kg−1, electrical conductivity of 0.31 ± 0.11 ds m−1, and cation exchange capacity of
15.57 ± 6.26 cmol+ kg−1. Soil characteristics were determined by following previously described soil and plant
analysis methods (NIAST 2000).
To examine the possibility of invasiveness according to
the seed density, sunf lower seeds were sown on square
plots made of wooden grids in two sizes: 1 m × 1 m and 2
m × 2 m. Sixty plots were established in four fully randomized blocks, and the spacing between plots was 1 m. Weeds
outside the experimental plot were controlled by mulching
with black non-woven fabrics. The sowing dates were in
the last weeks of June, August, October, and December of
2020, as well as March of 2021. The sunflower seeds were
sown without overlap, with 100 seeds being sown in each
plot. The seeds were covered with 0.5 cm of soil and allowed to germinate and grow without irrigation or weed
control.

Environmental data

Climate data during the study period were obtained
from the Gunsan Meteorological Station and included the
average, maximum, and minimum temperatures, average
surface temperature, precipitation, sum of sunshine hours,
and average relative humidity (Fig. 2) (KMA 2022). In June
2020, the surface temperature was 26.2°C, which was 4°C
warmer than the average temperature. The sum of sunshine hours and monthly precipitation were 194.0 hours

Fig. 2 Meteorological characteristics during the study periods.
(A) Average, maximum, and minimum air temperatures and average surface temperatures; (B) Monthly precipitation, sum of sunshine hours, and average relative humidity. Data were obtained
from the daily weather report of the Gunsan Meteorological Station (36° 00’ 19.1” N, 126° 45’ 40.9” E).

and 196.6 mm, respectively. In August 2020, the surface
temperature was 30.1°C, and monthly precipitation was
520.6 mm, indicating a high level of rainfall. The surface
temperature in October 2020 was 18.2°C. The environment
was dry, with 226.4 hours of sunshine and 4.1 mm of precipitation per month. December 2020 was cold and dry,
with a surface temperature and monthly precipitation of
2.6°C and 11.8 mm, respectively. In March 2021, the surface temperature was 10.2°C. This was approximately 1.9°C
warmer than the average temperature. The sum of sunshine hours and monthly precipitation were 201.8 hours
and 137 mm, respectively.

Germination and plant growth characteristics

The germination of sunflowers was investigated one to
two times per week, starting from two weeks after sowing.
Sunflower seedlings for which cotyledons had emerged
above the soil surface were counted as having germinated.
Sunf lower plants that survived after germination were
counted after being classified into the following stages:
germination stage (V2), growth stage (V3 to R1), flowering
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stage (R2 to R6), and maturity stage (R7 to R9) (Schneiter
and Miller 1981). The final germination percentage was
calculated as the ratio of the number of final germinated
sunflowers per 100 seeds sown. The flowering rate was calculated as the ratio of the final number of flowering sunflowers to the highest number of surviving individuals.
Changes in the growth characteristics of the sunflowers
were investigated by measuring the plant height, stem diameter, and head diameter of surviving sunflower plants
from four weeks after sowing. These data were recorded
for five individuals from each plot at two-week intervals.
Plant height was measured at the highest point of the plant
from the soil surface. Stem diameter was measured at the
part of the stem closest to the soil surface. The head diameter indicated the width of the ﬁrst ﬂower head that
bloomed at the time of flowering.

Analysis of changes in the vegetation

A vegetation survey was conducted for each plot at intervals of one to two times per month, starting from four
weeks after sowing. Taxonomic identification of the plant
species was based on field observations and the National
Species database of Korea (NIBR 2020). The importance
value (IV) was used as an index to characterize the status
and dominance of sunflowers and wild plants in the community. Relative dominance (RD) was obtained by measuring the dominance class of sunflowers and wild plants
in each plot. The dominance class was calculated by substituting the median in the Braun-Blanquet approach
(Braun-Blanquet 1964). Relative frequency (RF) was obtained from plots where plant species were present. The IV,
RF, and RD were calculated using the following formulae
(Williamson and Brown 1986):
IV = (RD + RF) / 2
RF = (frequency of one species/sum of the frequency of
all species) × 100
RD = (density of one species/sum of densities of all species) × 100.

Statistical analysis

All data were analyzed using the SAS Studio (version 3.8;
SAS Institute Inc., Cary, NC, USA), Primer 6 (version
6.1.13) and Permanova+ (version 1.0.3; PRIMER-E Ltd.,
Plymouth, UK) software. The effects of sowing date on final germination percentage and flowering rate were evaluated using one-way analysis of variance (ANOVA). Statistically significant differences between the means were
identified using Duncan’s multiple range test (p < 0.05). An
ANOVA model (PROC GLM) was used to test the differences in final germination percentage and flowering rate
between the two sunflower cultivars, five sowing dates,
and two plot sizes. Non-metric multidimensional scaling
(NMDS) and permutational multivariate analysis of vari-

ance (PERMANOVA) were used to compare changes in
RD according to sowing date, cultivar, and plot size.

Results
Comparison of surviving sunflowers by sowing
date, cultivar, and plot size

The germination and growth of sunflowers were strongly affected by the sowing date (that is, dates with different
environmental conditions), cultivar, and plot size (Fig. 3).
Seeds sown in March, June, August, and October germinated into sunflower plants; however, the sunflower seeds
sown in December did not germinate. Although there was
a difference between cultivars, sunflower seeds sown in
March, June, and August flowered, whereas those sown in
October did not. On average, compared to the 2 m × 2 m
plot of Jaeraejongja, 10.5 more sunf lowers survived in
March and 14.3 more survived in June in the 1 m × 1 m
plot. Between cultivars in the 2 m × 2 m plots, 6.3 more
plants survived in the Jaeraejong3 plot than in the Jaeraejongja plot in March, whereas 3.5 more survived in the
Jaeraejongja plot than in the Jaeraejong3 plot in June. The
survival rate of seeds sown in August was very low, and 3.3
more individuals of Jaeraejong3 survived than those of
Jaeraejongja. Among the seeds sown in October, 16.8 sunflower plants survived in the 1 m × 1 m plot of Jaeraejongja, and 5.5 and 5 individuals survived in the 2 m × 2 m
plots of Jaeraejongja and Jaeraejong3, respectively.
The developmental phases—including the germination,
growth, flowering, and seed maturity stages of sunflower
plants—varied with sowing date, cultivar, and plot size.
The germination of Jaeraejongja seeds sown in a 2 m × 2 m
plot in March was observed for up to 10 weeks after sowing. The seeds sown in August and October had a short
germination period and germinated within two to four and
six weeks after sowing, respectively. The number of days to
flowering was highest for plants sown in March, which
flowered at 12 weeks after sowing, and lowest for plants
sown in August, which flowered at eight to ten weeks after
sowing. Seed maturation of sunflowers started from 12 to
18 weeks after sowing in various experimental plots. Overall, the survival period of sunflower plants was longer if
sown earlier. Sunflowers sown in March survived for up to
20 weeks after sowing, whereas all surviving sunflower
plants sown in October withered within eight weeks after
sowing. Changes in the phenotypic characteristics of surviving individuals (including plant height, stem diameter,
and head diameter) are shown in Figure S1.
No germinated or surviving individuals were observed
in any of the experimental plots the following year after
winter.
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Fig. 3 Number of surviving sunflowers for seeds sown at different
dates in plots of two sizes. Stacked
bar plots represent the mean number of surviving individuals from
four replicates. The developmental stages of sunflower plants are
color-coded (orange, germination;
gray, growth; yellow, flowering;
blue, maturity).

Table 1 Final germination percentage and flowering rate of surviving sunflower plants
Jaeraejongja (1 m × 1 m)

Jaeraejongja (2 m × 2 m)

Jaeraejong3 (2 m × 2 m)

Final germination
percentage (%)

Component

p-value
March
June
August
October
December

Sowing date

0.005
15.3 ± 12.8a
21.8 ± 7.3a
0.3 ± 0.5b
16.8 ± 11.3a
0.0 ± 0.0b

0.016
3.5 ± 4.0a,b
8.0 ± 4.3a
0.3 ± 0.5b
5.5 ± 4.4a
0.0 ± 0.0b

0.012
11.0 ± 6.5a
4.0 ± 1.6b
3.5 ± 1.0b
5.0 ± 4.7b
0.0 ± 0.0b

Flowering rate (%)

p-value
March
June
August
October
December

0.007
58.2 ± 39.7a
61.9 ± 7.1a
100.0 ± 0.0a
0.0 ± 0.0b
-

0.019
83.3 ± 28.9a,b
49.4 ± 9.2b
100.0 ± 0.0a
0.0 ± 0.0c
-

< 0.001
23.1 ± 19.1b
0.0 ± 0.0c
100.0 ± 0.0a
0.0 ± 0.0c
-

Two cultivars of sunflower seeds were sown at five different dates in two plot sizes.
Data are presented as the mean ± standard deviation (n = 4).
The p-values shown are from the one-way ANOVA. Different letters in columns indicate significant differences between sowing dates (Duncan’s
test, p < 0.05).

Rate of germination and flowering

The final germination percentage of sunflowers differed
signiﬁcantly according to the sowing date for both culti-

vars and plot sizes (Table 1). The sowing date with the
highest final germination percentage was in June for Jaeraejongja and March for Jaeraejong3. Seeds sown in Decem-
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ber did not germinate in any experiment plots. The seeds
sown in August had a very low germination rate, especially
for the Jaeraejongja cultivar. The final germination percentages for the 1 m × 1 m plot of Jaeraejongja were 21.8%,
16.8%, and 15.3% in June, October, and March, respectively. These values were all higher than the respective germination percentages in the 2 m × 2 m plot of Jaeraejongja. In
the 2 m × 2 m plots, the final germination percentage was
higher for the Jaeraejong3 cultivar than for the Jaeraejongja cultivar for seeds sown in March and August. In contrast, among seeds sown in June and October, the germination percentage was higher for Jaeraejongja than for
Jaeraejong3.
The proportion of sunflowers that survived and reached
the flowering stage after germination also varied significantly between the sowing dates (Table 1). Of the seeds
that germinated, flowering occurred among those sown in
March, June, and August. However, the seedlings of seeds
sown in October did not flower. The flowering rate for
sunflowers sown in March was 25.1% lower in the 1 m × 1
m plot of Jaeraejongja than in the 2 m × 2 m plot of Jaeraejongja. The flowering rate of seeds sown in June was 12.5%
higher in the 1 m × 1 m Jaeraejongja plot than in the 2 m ×
2 m Jaeraejongja plot. Although seeds sown in August had
a low final germination percentage in all the experimental
plots, all the surviving plants flowered. The flowering rate
was considerably lower in Jaeraejong3 than in Jaeraejongja
in the 2 m × 2 m plots. Jaeraejong3 seeds sown in March
showed a flowering rate of 23.1%, and the surviving individuals sown in June did not flower at all.
A GLM analysis showed that sowing date and plot size
had significant main effects on final germination percentage (both p < 0.001). Sowing date also had a significant
main effect on flowering rate (p < 0.001) (Table 2).

Changes in vegetation and crop–weed
competition

Table 3 lists the plant taxa found in the experimental
plots between 2020 and 2022, after the sunflower seeds had
been sown. The vegetation data before the start of the experiment were displayed in Table S1 (Nam et al. 2019). These
included a total of 36 species (including sunflowers) belonging to three classes, 11 orders, and 14 families. The plants
consisted mainly of species from the class Magnoliopsida,

followed by Liliopsida and Equisetopsida. At the family
level, several species belonged to Asteraceae (which includes sunflower) and Fabaceae.
An NMDS analysis was performed on the relative dominance of plant species in the current study. The data were
collected two months after sowing (when the sunflowers
had survived with high relative dominance) and five
months after sowing (when no sunflowers were present)
(Fig. 4). Two months after sowing, the relative dominance
of plant species was classified according to the sowing date.
The plots sown in June were divided by plot size, and those
sown in August were grouped by cultivar (Fig. 4A). Five
months after sowing, there was a noticeable partition between sowing dates, whereas plots sown in March were
grouped by cultivar (Fig. 4B). A PERMANOVA was performed to analyze the relative dominance value of plant
species. For data collected two months after sowing, the
results indicated significant differences according to sowing date (p < 0.001) and plot size (p < 0.001). For data collected five months after sowing, the results showed that
sowing date had a significant effect (p < 0.001) (Table 4).
The importance values of plant species that occurred in
the experimental plots were measured (according to sowing date, cultivar, and plot size) until 12 months after sowing (Fig. 5). The importance value of sunflower was high in
the plot sown in March but decreased in later months due
to the emergence of plants such as Kummerowia striata ,
Glycine soja , and Lespedeza bicolor. Jaeraejongja sown on
a 1 m × 1 m plot in March had a higher importance value
(60.0%) than plots sown on other dates. For up to five
months after sowing, the importance value of sunflower
was higher than that of other plant species. In the plot
sown in June, the importance value of sunflower was highest (25.5%) in the 1 m × 1 m plot of Jaeraejongja. In the
plot sown in August, the importance value of sunflower
was the highest (22.2%) in the 2 m × 2 m plot of Jaeraejongj3, and this pattern was maintained for three months.
Almost no other plants appeared in the early stages in the
plot sown in October. The importance value for sunflower
was 46.2% in the 1 m × 1 m plot of Jaeraejongja, 50.4% in
the 2 m × 2 m plot of Jaeraejongja, and 21.6% for the 2 m ×
2 m plot of Jaeraejong3. Sunflowers were not recorded in
the plot sown in December.
We investigated the competition between sunflowers and

Table 2 Results of a general linear model for final germination percentage and flowering rate
Component
Final germination percentage

Flowering rate

Source
Sowing date
Cultivar
Plot size
Sowing date
Cultivar
Plot size

SS

DF

MS

F

p-value

0.132
0.008
0.054
2.866
0.092
0.046

4
1
1
4
1
1

0.033
0.008
0.054
0.955
0.092
0.046

10.590
2.520
17.380
19.860
1.910
0.960

< 0.001
0.119
< 0.001
< 0.001
0.176
0.334

SS: sum of squares; DF: degrees of freedom; MS: mean square; F: F-statistic.
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Table 3 List of plants that occurred during the experimental period
Class
Magnoliopsida

Order

Family

Asterales

Asteraceae

Caryophyllales

Fabales

Chenopodiaceae
Molluginaceae
Portulacaceae
Fabaceae

Lamiales

Lamiaceae

Liliopsida

Myrtales
Plantaginales
Polygonales
Ranunculales
Scrophulariales
Cyperales

Onagraceae
Plantaginaceae
Polygonaceae
Ranunculaceae
Scrophulariaceae
Cyperaceae
Poaceae

Equisetopsida

Equisetales

Equisetaceae

Species

Helianthus annuus
Artemisia indica
Conyza canadensis
Crepidiastrum sonchifolium
Erechtites hieracifolia
Erigeron annuus
Lactuca indica
Senecio vulgaris
Sonchus oleraceus
Taraxacum officinale
Chenopodium album
Mollugo stricta
Portulaca oleracea
Aeschynomene indica
Glycine soja
Kummerowia striata
Lespedeza bicolor
Lespedeza cuneata
Medicago sativa
Robinia pseudoacacia
Trifolium repens
Vicia sativa
Lamium amplexicaule
Perilla frutescens
Oenothera biennis
Plantago asiatica
Persicaria hydropiper
Clematis apiifolia
Mazus pumilus
Cyperus iria
Echinochloa crus-galli
Echinochloa esculenta
Eleusine indica
Festuca arundinacea
Setaria viridis
Equisetum arvense

Fig. 4 Ordination diagram from a non-metric multi-dimensional scaling analysis of the relative dominance of plant species. Symbols
indicate sowing date (March: green; June: red; August: blue; October: light blue; December: purple), cultivar (Jaeraejongja: triangle;
Jaeraejong3: inverted triangle), and plot size (2 m × 2 m: closed symbols; 1 m × 1 m: open symbols). (A) two months after sowing, and
(B) five months after sowing.
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Table 4 Permutational multivariate analysis of variance for the relative dominance of plant species
Months after sowing
Two

Five

Source

SS

DF

MS

F

p-value

Sowing date
Cultivar
Plot size
Sowing date
Cultivar
Plot size

79,317.0
91.1
4,929.9
90,118.0
391.8
1,701.8

4
1
1
4
1
1

19,829.0
91.1
4,929.9
22,530.0
391.8
1,701.8

29.405
0.135
7.311
22.360
0.389
1.689

0.001
0.986
0.001
0.001
0.848
0.134

SS: sum of squares; DF: degrees of freedom; MS: mean square; F: F-statistic.

Fig. 5 Changes in the importance value of plant species occurring in experimental plots. Two cultivars (Jaeraejongja and Jaeraejong3)
of sunflower seeds were sown on five different dates (March, June, August, October, and December) in two plot sizes (1 m × 1 m and
2 m × 2 m).

other wild plants in the plot sown in March, which showed
the highest importance value for sunflowers (Fig. 6). Competition between sunf lower plants and wild plants was
possible for up to five months after sowing in the 1 m × 1
m plot of Jaeraejongja, but was more difficult in the 2 m ×
2 m plot of Jaeraejongja. In the 2 m × 2 m plot of Jaeraejong3, sunflower–wild plant competition was possible for
up to 3 months after sowing. For the remaining sowing

dates (June, August, October, and December), competition
between sunflowers and wild plants either did not occur or
occurred for a short duration (less than 1 month).

Discussion
Sunflowers are known to be widely adaptable to various
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Fig. 6 Critical periods of weed interference and the importance values of sunflower and wild plants.
Two cultivars of sunflower seeds
were sown in two plot sizes in
March. Colored symbols indicate
the importance value (red, sunflower; blue, sum of wild plants), and
the orange box indicates the critical period for weed interference.

climates and habitats (Khalifa et al. 2000). Sunflower seeds
germinate at 5 to 40°C, and 25°C is the optimum temperature for germination (Gay et al. 1991). Here, we found that
sunflowers germinated in March, June, August, and October in South Korea, when the surface temperature was 10.2
to 30.1°C. The germination rate was higher in June, which
had temperatures closest to the optimum temperature for
sunflower germination. However, sunflower seeds sown in
December did not germinate in any experimental plots because of the low temperature (2.6°C). Although the temperature in August was suitable for germination, most of
the sunflowers did not germinate; this is thought to be due
to the high levels of precipitation. Excess soil moisture has
been reported to have a negative effect on the sowing–
emergence period of sunflowers, and overwatering results
in a sharp drop in germination rate when sunflower seeds
have high vitality (Albuquerque and Carvalho 2003; Loose
et al. 2017).
Only a small number of sunflower plants survived from
seeds sown in August, perhaps due to seed predation by
animals. We observed a marked increase in bird activity
near the experimental field in August. Moreover, the Jaeraejong3 cultivars sown in August had a higher survival
rate than the Jaeraejongja cultivars. This may have reduced
the chances of animal feeding because of the small seed
size of the Jaeraejong3 cultivars, as suggested by Celis-Diez
et al. (2004).
The surviving sunflowers sown in March, June, and August had a high flowering rate, whereas the seeds sown in
October did not flower. The surviving seedlings of sunflower seeds sown in October could not grow and bloom,
as the significant decrease in temperature after germination made this impossible. Although the flowering rate of
surviving sunflowers was high for several sowing dates
(March, June, and August), sunflowers did not appear in
the following year. Munir et al. (2007) and Ebrahimian et
al. (2019) reported that a lack of nutrients and moisture
can inhibit seed maturation or negatively affect seed production in sunflowers. Commercially available cultivars
produce seeds with low dormancy and high germination
rates in various environments (Gao and Ayele 2014; Simpson 1990). Our previous study demonstrated that buried

sunflower seeds do not successfully establish dormancy
during the summer season in South Korea (Nam and Han
2020). In the current study, we did not observe any newly–
emerged sunflower plants in the following year (that is, after the rainy season in summer and low temperatures in
winter). These findings indicate that the surviving individuals did not produce seeds, did not mature well even if
they produced seeds, or did not survive even if the mature
seeds fell to the ground.
Crops and weeds share and compete for the same resources, including sunlight, atmospheric gas, nutrient, and
water (Kaur et al. 2018). As the weeds grow, they can become a serious threat to crop production because of their
ability to survive in adverse conditions and extract more
nutrients and water from the soils (Kaur et al. 2018). The
growth habits, emergence timing, and density of these
weeds affect the competition between crops and weeds
(Sardana et al. 2017). Studies have reported that when
grown in competition without weed control, sunf lower
yield is affected in the period 14–26 days after emergence
(Elezovic et al. 2012). In the current study, sunf lowers
sown in March (when the temperature and humidity were
suitable for germination and growth) survived longer and
competed with wild plants longer than those sown on other sowing dates. Moreover, the competitiveness of sunflowers increased when they were sown in a smaller plot.
Sunflowers that survived during the current study were
quickly eliminated through competition with the wild
plants. Without weed management, the relative frequency
and predominance of wild plants increased dramatically—
either with the predominance of certain wild plants or the
emergence of a variety of plants—thus reducing the importance of the sunflowers. Tonev et al. (2020) reported that
65% of the total weed species in sunflower fields in Bulgaria were late-spring weeds, which coincided with the sunflower growing season. In addition, da Silva Alcântara et
al. (2018) reported that Panicum maximum (Poaceae) impacts the initial development of sunflowers and reduces
yield. The results of the current study also indicate that
different dominant species were affected by the sowing
date. The plants that had the greatest influence on the importance value of sunflower included Chenopodium al-
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bum , K. striata , G. soja , L. bicolor, Eleusine indica , Conyza
canadensis , and species in the Poaceae family such as K.
striata and G. soja . According to Raunkiaer’s (1934) classification of life forms, therophytes were the most abundant
among plants with high coverage in our experimental field,
and their influence rapidly increased during the period of
sunflower growth.
Our experiment is a case study of sunflowers released
into a natural environment without any irrigation and
weed control. However, the survival rates were higher when
these seeds were released into agricultural areas where
crops are grown, and the plants also emerged the following
year (data not shown). Although the growth of the surviving sunflowers in this study was lower than that of commonly cultivated sunflowers, some experimental plants
were able to grow and progress to the seed maturity stage
after flowering. Moreover, the germination rate was higher
in the 1 m × 1 m plot with high seed density, and competition between sunflower plants and wild plants was possible
for up to five months after sowing in the plots sown in
March. Seed spillage often occurs along the roadside
during transport, and these seeds may spread to agricultural fields (Meffin et al. 2015). Bailleul et al. (2012) reported that in their study area, an estimated two million seeds
were spilled in eight days while being transported. Thus,
even if the survival rate is low for sunflowers released into
the natural environment, their potential for weediness is
expected to be high if the amount released is high.

Conclusions
Our results indicate that when sunf lowers (as an LM
crop) are unintentionally released into the natural environment in South Korea, their stable germination and survival
are determined by the time of release and seed density. We
also showed that it is difficult for sunflowers to exist for
multiple generations or appear at a time when they can
survive dormancy in the South Korean climate. However,
several studies have revealed that sunflowers can adapt to a
wide range of climates, and concerns about the emergence
of wild populations through hybridization with native sunflowers continue to be raised (Cantamutto and Poverene
2007; Casquero et al. 2013). Therefore, to prevent the invasion of sunflowers (as an LM crop) into natural ecosystems
in South Korea, efforts should be made for continuous
monitoring, especially between March and June when survival and reproduction are possible for this species. Based
on these findings, we suggest that when evaluating the potential for invasiveness of LM plants, it is important to
consider climatic and other abiotic and biotic factors.
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