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Abstract: Studying plant species rich in bioactive compounds, including allelochemicals, could lead to the development 
of biodegradable and environmentally safe herbicides. In this study, a water extract of hemlock (Conium maculatum L.), 
known to be rich in alkaloids, was used to investigate its effects on the germination of Amaranthus retroflexus L., Ambrosia 
artemisiifolia L., Stellaria media (L.) Vill., and Lactuca sativa L., providing valuable insights into its phytotoxic properties. 
Among the C. maculatum water extracts (CmWEs) tested, that of dry leaves showed the strongest inhibitory effect on the 
germination of all species analyzed. The CmWE of dry leaves (50%) completely inhibited seed germination of all species 
tested. The CmWE of dry stems (50%) reduced seed germination in S. media, A. retroflexus, and A. artemisiifolia by 20% 
to 89%, whereas the germination of L. sativa was less affected (9%). In addition, a CmWE of dry stems (5%) selectively 
inhibited ragweed germination (45%), while the germination of Lactuca sativa was not significantly affected. The CmWE 
of dry leaves (20%) inhibited early root and shoot growth of S. media more effectively than suppressing seed germination. 
Moreover, the dry leaves and inflorescences of C. maculatum demonstrate strong allelopathic properties even after two 
years of storage, highlighting the long-term potential of C. maculatum as a source of natural herbicides.
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INTRODUCTION

The reduction in crop yields and the high costs of weed 
control are major problems in agricultural production 
systems. As the global population is projected to exceed 9 
billion by 2050, it is crucial that food production systems 
avoid significant yield losses caused by weed competi-
tion [1,2]. Typically, the spread of weeds is suppressed 
by physical or chemical measures. Currently, farmers 
mainly use chemical herbicides due to their selectivity, 
affordability, and easy availability. Synthetic herbicides 
can lead to water and soil pollution and endanger the 
soil microbiome, plants, animals, and humans. However, 
the long-term use of synthetic herbicides has led to 
the occurrence of herbicide-resistant weed species. 
Currently, 273 weed species have developed resistance 

to herbicides, affecting 101 crops across 72 countries. 
These weeds have developed resistance to 21 of the 31 
known herbicide modes of action, involving 168 dif-
ferent herbicides (https://www.weedscience.org). To 
reduce the harmful, long-term environmental impact 
of synthetic herbicides, interest in bioherbicides has 
increased significantly. Biologically active compounds/
formulations offer an eco-friendly alternative as they 
control weeds through natural mechanisms, reducing 
the environmental impact of conventional chemical 
herbicides. Significant resources are being invested in 
research into natural herbicides.

Allelopathy is increasingly recognized as an im-
portant ecological mechanism that impacts plant 
dominance, shapes plant communities in natural 
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ecosystems, and influences plant productivity in ag-
ricultural systems [3,4]. Many allelochemicals can 
serve as natural, biodegradable herbicides, offering a 
completely different mode of action compared to syn-
thetic herbicides. Although the efficacy and specificity 
of many allelochemicals remain unknown or limited, 
they represent a suitable alternative to synthetic her-
bicides [2,5]

The invasive biennial weed Conium maculatum L. 
(family Apiaceae) is a toxic plant naturally widespread 
across Europe, Asia, and Africa, and introduced to 
North and South America, Australia, and New Zealand 
[6-9]. It is characterized by a strong, pervasive, and 
musty odor [7]. It is also a common weed in Serbia 
[10], growing in pastures, farms, and ruderal area. Due 
to its rapid growth, toxicity, and high seed production, 
C. maculatum spreads easily to cultivated fields. It also 
can colonize disturbed places easily and can displace 
native plants in natural habitats. 

Plant toxins are chemical substances that are natu-
rally produced as secondary metabolites. These com-
pounds, also known as phytochemicals, are synthesized 
in different parts of the plant and are transported to 
different organs and tissues, where they are stored 
[11]. Various pharmacological effects of C. maculatum 
tinctures and extracts are well documented, including 
anti-herpetic, antispasmodic, sedative, analgesic, and 
anticancer properties [9]. However, their effects on 
plant organisms, especially weeds, are still insufficiently 
explored. Allelochemicals represent a broad spectrum 
of low molecular weight compounds such as alkaloids, 
polypeptides, terpenoids, flavonoids, glycosides, and 
tannins [12]. Each of these substances affects the 
interactions between plants and other organisms in 
their environment. All plant parts of C. maculatum 
(both vegetative and reproductive) contain the toxic 
piperidine alkaloids, although their concentration may 
vary depending on the plant tissue, growth stage, and 
environmental conditions. Coniine, N-methyl-coniine, 
conhydrine, pseudoconhydrine, and γ-coniceine are 
some of the piperidine alkaloids found in C. maculatum 
responsible for its toxicity [7,13]. The mode of action 
of alkaloids is determined by their chemical structure. 
These compounds can alter enzyme activity, leading 
to changes in cellular functions, including disruptions 
in DNA replication and repair mechanisms [11,14].

Redroot pigweed or redroot amaranth (Amaranthus 
retroflexus L.) is a globally distributed weed found in over 
70 countries in 60 different crops [6]. It is considered 
the third most dominant dicotyledonous weed species 
worldwide [15] and is particularly widespread in Serbia, 
where it is classified as an economically harmful invasive 
species [16]. A. retroflexus is propagated by seeds that 
remain viable in the soil for at least 6-10 years [17,18]. 
In addition to its harmful effect, which is reflected in 
crop yield reductions, A. retroflexus is host to pathogens 
and pests, is toxic to livestock, and produces pollen 
that causes allergic reactions in humans and animals 
[19,20]. Ambrosia artemisiifolia L., commonly known as 
ragweed, is an invasive species originating from North 
America. In Serbia, ragweed was first recorded in 1953 
and is currently classified as an allochthonous neophyte 
in its invasive stage [16,21]. The high germination rate, 
rapid initial growth, high photosynthetic rate, and al-
lelopathic properties of A. artemisiifolia contribute to its 
competitiveness and rapid spread [22,23]. In addition 
to their ecological and economic impacts, ragweed pol-
len is one of the most potent allergens known to cause 
severe allergic reactions in humans [24,25]. Chickweed 
(Stellaria media (L.) Vill.) is native to Europe but has 
spread worldwide. It is a troublesome weed in agricultural 
fields and often grows in disturbed areas. S. media is 
known for its rapid growth and ability to adapt to a wide 
range of environmental conditions [26]. Lactuca sativa 
L., commonly known as lettuce, is a leafy vegetable that 
is widely used in the human diet worldwide, including 
Serbia. It is rich in vitamins, essential minerals, and fiber. 

This work aimed to investigate the potential phy-
totoxic properties of water extracts of C. maculatum 
(leaves, stems, and inflorescences) on the germination 
of three weed species (A. retroflexus, A. artemisiifolia, 
and S. media), which are widely distributed in agricul-
tural fields in Serbia, as well as on the germinations of 
a commonly cultivated crop plant, lettuce (L. sativa). 
We also investigated the effect of water extracts of C. 
maculatum leaves on the early development of S. me-
dia seedlings by measuring some growth parameters. 
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MATERIALS AND METHODS

Plant material

The seeds of three weed species: redroot pigweed 
(Amaranthus retroflexus L.), ragweed (Ambrosia ar-
temisiifolia L.), and chickweed (Stellaria media (L.) 
Vill.), were collected in 2022 in the wider area of 
Belgrade, Serbia, and subsequently cleaned from the 
rest of the plant material using sieves with differ-
ent pore diameters. The dry seeds were stored in the 
dark at room temperature until the beginning of the 
experiment. The seeds of lettuce (Lactuca sativa L. 
cv. ‘May Queen’), (Bioprodukt, Čačak, Serbia) were 
commercially purchased. These untreated seeds had an 
expected germination rate of 95% and were produced 
in 2022 in Serbia. Before the experiments, the seeds of 
A. retroflexus and A. artemisiifolia were stratified at a 
temperature of 4±1oC for 2.5 and 6 weeks, respectively. 
C. maculatum plants were collected in 2021 and 2023 
in the wider area of Belgrade, Serbia. 

Preparation of C. maculatum water extract 
(CmWE)

The water extract of fresh leaves of C. maculatum 
was prepared immediately after plant collection. In 
contrast, the water extracts of dry leaves and stems 
were obtained after drying the plants at a temperature 
of 20-22°C until a constant dry weight was achieved. 
The C. maculatum plants collected in 2021 were dried 
at a temperature of 20-22°C and stored in the dark 
at room temperature for two years before the leaves, 
stems, and inflorescences were separated and the water 
extracts were prepared. The crushed leaves, stems, 
and inflorescences were immersed in distilled water 
(1:10, weight (g): volume (mL)) in Erlenmeyer flasks 
(250 mL), which were kept in the dark for 24 h in a 
growth chamber. The water extracts were then filtered 
through filter paper (Ahlstrom-Munksjö, Helsinki, 
Finland) and diluted with distilled water to 50%, 20%, 
10%, and 5% concentrations.

Seed germination

The seeds of A. retroflexus, A. artemisiifolia, S. media, 
and L. sativa were germinated in 60-mm diameter 
glass Petri dishes on a layer of filter paper moistened 

with 2 mL of distilled water or the tested solutions, 
until reaching final germination percentages. Seeds 
were illuminated for 15 min per day and were counted 
as germinated when a radicle of 1 mm or longer was 
observed. A. retroflexus and A. artemisiifolia seeds were 
germinated at 25±1°C, and S. media, and L. sativa at 
18±1°C. The experiments were conducted three times, 
using 50 seeds with each repetition. 

The percentage of inhibition was determined using 
the following formula: 

% Inhibition = (1−T/C)×100.

In this equation, T is the parameter measured in 
the treated samples, and C is the parameter measured 
in the control samples. 

Growth of S. media seedlings in the water extract 
of C. maculatum dry leaves 

The seeds of S. media were germinated in 150-mm 
diameter glass Petri dishes on a layer of filter paper 
moistened with 10 mL of distilled water or the tested 
solutions (CmWE of dry leaves at concentrations of 
20%, 10%, and 5%) for 7 days at 18±1°C. The seeds 
were exposed to light for 15 min per day. The experi-
ments were repeated three times, using 30 seeds for 
each repetition. Growth parameters (root and shoot 
length) were measured on the 5th, 6th, and 7th days after 
the start of the experiment. 

Statistical analysis

Statistical analysis was performed using STATGRAPHICS 
software, version 4.2 (STSC Inc. and Statistical Graphics 
Corporation, Rockville, Maryland, USA). Percentage 
data were arcsine-transformed before analyzing the 
statistical significance of differences between means. 
Data was subjected to one-way analysis of variance 
(ANOVA), and the significance of differences between 
means was assessed using Fisher’s LSD test at a confi-
dence level of P ≤ 0.05.
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RESULTS

Effects of water extracts of C. maculatum 
prepared from different plant parts (leaves, 
stems, and inflorescence) on the germination 
of seeds of three weed species (A. retroflexus, A. 
artemisiifolia, and S. media) and a crop species (L. 
sativa)

This study examined the effects of water extracts (from 
5% to 50%) derived from various parts of C. macula-
tum plants (leaves, stems, and inflorescences) on the 
germination dynamics and final germination rates of 
three weeds (A. retroflexus, A. artemisiifolia, and S. 
media) and a leafy vegetable, L. sativa, compared to a 
water control (Figs. 1-4). The research compared the 
impact of C. maculatum water extracts (CmWEs) of 
fresh and dry leaves, dry leaves and stems, and dry stems 
from plants that were either freshly harvested or stored 
for two years, on the germination of A. retroflexus, A. 
artemisiifolia, S. media, and L. sativa seeds. The study 
also compared the effects of CmWEs from dry leaves 
of freshly harvested and two-year-stored plants, as well 
as from dry leaves, stems, and inflorescences of plants 
stored for two years, on the germination of S. media.

The strongest significant inhibitory effect on the 
final germination of A. retroflexus had 50% CmWE of 
dry leaves which inhibited germination 100%, then 
50% CmWE of dry stems and 50% CmWE of fresh 
leaves which inhibited germination 33% and 27%, 
respectively, compared to the control (Fig. 1 A,B,C). 
The 50% CmWE of 2-year-stored dry stems did not 
affect A. retroflexus final germination compared to the 
control (Fig. 1D). Increasing the applied concentra-
tions of CmWE from 5% to 20% of fresh leaves and 
dry leaves delayed germination by one day (Fig. 1 
A,B). The significant inhibition of final germination 
percentage of A. artemisiifolia was observed at 50% 
CmWE of fresh leaves (45%), 50% and 20% CmWEs 
of dry leaves (99% and 43%, respectively), and 50%, 
20%, 10%, and 5% CmWEs of dry stems (from 89% 
to 23%) compared to the control (Fig. 2 A,B,C). The 
CmWE of 2-year-stored stems had no significant effect 
on A. artemisiifolia’s final germination percentage at 
all applied concentrations (from 5% to 50%), while 
the 5% CmWE of 2-year-stored stems stimulated final 
germination (6%) compared to the control (Fig. 2D). 

Complete inhibition (100%) of S. media germina-
tion was detected at 50% CmWE of dry leaves and 50% 
CmWE of 2-year-stored dry inflorescences, while a 
high inhibition (89%) was achieved with 50% CmWE 
of 2-year-stored dry leaves compared to the control 

(Fig. 3 B,C,F). Significant moderate in-
hibition of final germination (24%, 20%, 
and 17%) was observed at 50% CmWE 
of fresh leaves, 50% CmWE of dry stems, 
and 20% CmWE of dry leaves, respec-
tively, compared to the control (Fig. 3 A, 
B,D). Concentrations of 5% and 10% of 
all CmWEs tested did not significantly 
alter the final germination percentages, 
except for the CmWE of fresh leaves, where 
inhibition was 7% for both treatments 
(Fig. 3). With increasing concentrations 
of all CmWEs, a delay in germination is 
observed compared to the control (Fig. 3). 
A slight stimulation of germination (from 
1% to 4%) occurred with 5% CmWEs of 
dry leaves, dry stems, 2-year-stored dry 
stems, and 2-year-stored dry inflores-
cences, as well as with 10% CmWEs of dry 
stems and 2-year-stored dry stems (1% 
each) and 20% CmWE of 2-year-stored 

Fig. 1. Amaranthus retroflexus seed germination (%) after treatment with Conium 
maculatum water extract (5%, 10%, 20%, and 50%) of A – fresh leaves, B – dry 
leaves, C – dry stems, D – dry stems 2 years storage. Control treatment (C) was 
performed using distilled water. The values with the same letter indicate statisti-
cally homogeneous groups (P≤0.05), according to Fisher’s LSD test; percentage 
inhibition (−)/stimulation (+) compared to the control.
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dry stems (1%) compared to the control 
(Fig. 3B,D,E,F).

The germination of L. sativa was com-
pletely inhibited with 50% CmWE of dry 
leaves, while moderate inhibition (15% 
and 9%, respectively) was observed with 
50% CmWEs of fresh leaves and dry stems 
compared to the control (Fig. 4 A,B,C). 
Germination was not significantly affected 
by any other CmWE treatment (Fig. 4). 
Additionally, a slight stimulation of final 
germination (3%) was noted with 10% 
CmWE of dry leaves, compared to the 
control (Fig. 4B).

Effects of C. maculatum water extracts 
of dry leaves on S. media early 
seedling growth

The study focused on the effects of CmWE 
from dry leaves on the early growth of S. 
media seedlings, as these seeds do not 
require stratification. Previous experi-
ments revealed that CmWE of dry leaves 
had the strongest inhibitory effect on the 
germination of various species tested. In 
this experiment, the influence of CmWE 
of dry leaves (5%, 10%, and 20%), with 
distilled water as a control, on the early 
growth of seedlings was investigated by 
measuring the shoot and root lengths of 
S. media seedlings from the 5th to 7th day.

The length of S. media shoots was 
significantly reduced at the highest applied 
concentration of CmWE of dry leaves 
(20%), with a decrease from 39% to 14% 
between the 5th and 7th day, compared to 
the control. In contrast, lower concentra-
tions of the CmWE of dry leaves (10% 
and 5%) led to a significant increase in 
the length of S. media shoots (Fig. 5A). 
The length of the roots after treatment 
with CmWE (20%) was significantly less. 
The inhibition of elongation ranged from 
86% on the 5th day to 87% on the 7th day. 
In comparison, the treatment with CmWE 
at a lower concentration (10%) inhibited 

Fig. 2. Ambrosia artemisiifolia seed germination (%) after treatment with Conium 
maculatum water extract (5%, 10%, 20% and 50%) of A – fresh leaves, B – dry 
leaves, C – dry stems, D – dry stems 2 years storage. Control treatment (C) was 
performed using distilled water. The values with the same letter indicate statisti-
cally homogeneous groups (P≤0.05), according to Fisher’s LSD test; percentage 
inhibition (−)/stimulation (+) compared to the control.

Fig. 3. Stellaria media seed germination (%) after treatment with Conium macu-
latum water extract (5%, 10%, 20%, and 50%) of A – fresh leaves, B – dry leaves, 
C – dry leaves 2 years storage, D – dry stems, E – dry stems 2 years storage, F – dry 
inflorescence 2 years storage. Control treatment (C) was performed using distilled 
water. The values with the same letter indicate statistically homogeneous groups 
(P≤0.05), according to Fisher’s LSD test; percentage inhibition (−)/stimulation 
(+) compared to the control.
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root length by 31% on the 5th day to 37% 
on the 7th day, compared to the control 
(Fig. 5B).

DISCUSSION

Allelochemicals are produced, distributed, 
and stored in various parts of a plant, 
depending on the species and the spe-
cific compounds involved. Plants release 
allelochemicals into their environment 
via several mechanisms that influence the 
growth and development of nearby plants 
and other organisms. These mechanisms 
include leaching from the aerial parts, 
exudation from the roots, volatilization 
into the atmosphere, and decomposition 
of plant residues in the soil [27,28].

Water extracts of plants generally con-
tain a range of water-soluble compounds, 
such as polysaccharides, glycosides, fla-
vonoids, tannins, phenolic acids, certain 
alkaloids, proteins, vitamins, minerals, and 
organic acids. Conventionally prepared 
water extracts of many plants are increas-
ingly being used for weed control due to 
their environmental benefits and effective-
ness. These extracts are biodegradable and 
can be applied selectively to certain weed 
species without harming the crop. They 
are also inexpensive to produce. Unlike 
organic solvents, water leaves no harm-
ful residues, thereby reducing the risk of 
toxicity in the environment. 

Conium maculatum possesses a re-
markable ability to synthesize piperi-
dine-type alkaloids, including coniine, 
N-methyl-coniine, conhydrine, pseu-
doconhydrine, and γ-coniceine, which 
are synthesized by the cyclization of an 
eight-carbon chain derived from four 
acetate units and are structurally similar 

to nicotine. Among these, γ-coniceine serves as a 
precursor for the other hemlock alkaloids. They are 
present in all parts of the plant, including the vegeta-
tive organs, flowers, and fruits. The concentration and 
composition of these alkaloids vary depending on the 

Fig. 4. Lactuca sativa seed germination (%) after treatment with Conium macu-
latum water extract (5%, 10%, 20%, and 50%) of A – fresh leaves, B – dry leaves, 
C – dry stems, D – dry stems 2 years storage. Control treatment (C) was performed 
with distilled water. The values with the same letter indicate statistically homo-
geneous groups (P≤0.05), according to Fisher’s LSD test; percentage inhibition 
(−)/stimulation (+) compared to the control.

Fig. 5. Stellaria media early seedlings growth. A-B Seedlings growth parameters 
from 5th to 7th days after the beginning of treatment with Conium maculatum 
water extract of dry leaves (5%, 10%, and 20%): A – shoot length (mm), B – root 
length (mm). C-D Phenotypic appearance of control seedlings on the 2nd day (C) 
and 6th day (D) after the beginning of the experiment. The values with the same 
letter indicate statistically homogeneous groups (P≤0.05), according to Fisher’s 
LSD test; percentage inhibition (−)/stimulation (+) compared to the control.
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plant variety (genotype), ecological conditions, and 
developmental stage of the plant, as well as diurnal 
changes [7,29,30]. The exact sites of synthesis and 
accumulation of piperidine alkaloids remain unclear. 
Research by Corsi and Biasci [31] found alkaloids in 
the root and shoot of seedlings, but in mature plants, 
they are more prominent in cells of elongation zones, 
as well as in the secretory ducts of vegetative organs, 
flowers, and fruits. The alkaloid content of C. macu-
latum varies among different parts of the plant: roots 
contain from 0% to 0.5%, shoots 0.02% to 0.7%, and 
leaves 0.3% to 1.5%. Flowers usually contain around 
1.0%, while unripe fruits have a higher alkaloid con-
centration from 1.6% to 3.0%, which decreases as the 
fruit ripens, dropping to between 0.2% and 1.0%. The 
seeds contain between 0.02% and 0.9% alkaloids [7,29]. 

The predominant piperidine alkaloids in C. macu-
latum, coniine, and N-methylconiine, exist in the free 
base form – neither ionized nor water-soluble in plant 
tissue. These properties contribute to their volatility 
and the plant’s characteristic odor. Essential oils of 
C. maculatum from Italy (Sicily) contained mostly 
sesquiterpene (E)-caryophyllene in the leaves, and 
1-butylpiperidine and monoterpene myrcene in the 
inflorescences [32]. Essential oils from the leaves and 
flowers of C. maculatum collected in Serbia contained 
23 and 57 compounds, respectively [30]. The dominant 
components in leaves and flowers were sesquiterpene 
germacrene D, and monoterpene β-ocimene. The ex-
tract of C. maculatum also contained flavonoids, cou-
marins, polyacetylenes, and vitamins [30]. Piperidine 
alkaloid-rich water extracts of Prosopis sp. leaves, bark, 
and roots inhibited the growth of Mimosa tenuiflora 
seedlings, whereas water extracts of leaves inhibited 
the germination and development of Cynodon dactylon 
seedlings, and water extracts of leaves, stems and roots 
inhibited the growth and development of wheat [33].

The results of our study showed that the CmWE 
of dry leaves caused the strongest inhibition of A. 
retroflexus germination compared to the other tested 
CmWEs (from fresh leaves, dry stems, or 2-year-stored 
dry stems). Previously, similar studies were conducted 
with the water extract obtained from the fresh leaves 
of artichoke thistle (Cinara cardunculus L.), which 
is rich in the sesquiterpene aguerin B, and the ses-
quiterpene lactones, grosheimin, and cynaropicrin, 
on the germination of A. retroflexus. The study used 

40% and 80% water extracts, and the germination of 
A. retroflexus was inhibited by an average of 58% in 
both cases compared to the control [34]. In agreement 
with our results, Yarnia et al. [35] demonstrated that 
the leaf extract of Sorghum bicolor (L.) Moench had 
the strongest inhibitory effect on the germination of A. 
retroflexus, while the stem extract was the least effec-
tive, both at a concentration of 20%. Furthermore, the 
water extract of the aerial parts of mugwort (Artemisia 
vulgaris L.), which contains terpenoids and flavonoids 
among other bioactive compounds, inhibited the 
germination of A. retroflexus seeds [36]. 

Among the CmWEs tested, those of dry leaves and 
dry stems showed the strongest inhibitory effect on the 
germination of A. artemisiifolia. This is consistent with 
studies on cover crops from the Brassicaceae family, 
such as white mustard (Sinapis alba L.), and radish 
(Raphanus sativus L.), which have shown that their 
water extracts can completely inhibit the germination 
and early growth of A. artemisiifolia [37]. Additionally, 
Kazinczi et al. [38] demonstrated that water extracts of 
sunflower shoots and roots inhibited A. artemisiifolia 
germination at higher concentrations while stimulating 
early seedling development at lower concentrations. 
This aligns with our finding that low concentrations 
of CmWE of dry leaves stimulated shoot elongation 
in S. media seedlings. We observed the phenomenon 
of hormesis during the germination of L. sativa after 
treatment with the CmWE of dry leaves, applied at a 
lower concentration, indicating a potential for growth 
enhancement. Further research is needed to determine 
the optimal concentrations for promoting the germina-
tion and growth of these edible and nutritious plants. 
On the other hand, the highest applied concentration 
of the CmWE of fresh and dry leaves resulted in sig-
nificant inhibition of L. sativa germination, which is 
in agreement with Mahmoodzadeh et al. [39], who 
found that water extracts of the aerial parts of Cannabis 
sativa inhibited the germination of L. sativa seeds. 
Furthermore, Sbai et al. [40] revealed the inhibitory 
effect of aerial parts of Apium graveolens L. on L. sativa 
germination and growth. Lettuce seeds, as well as A. 
retroflexus and A. artemisiifolia, were also highly sensi-
tive to the essential oil of N. rtanjensis, which is rich 
in the iridoid monoterpenoid nepetalactone [41,42]. 

In addition to the CmWEs already analyzed, 
CmWEs of dry leaves and dry inflorescences stored for 
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2 years were also tested for their effects on the germi-
nation of S. media seeds. Unlike the CmWEs from dry 
stems, which did not significantly affect germination 
in the tested species (except A. retroflexus at a 10% 
concentration), the highest concentrations of CmWEs 
of 2-year-stored dry leaves and dry inflorescences 
(50%) strongly inhibited S. media germination. This 
indicates that the bioactive compounds responsible for 
the plant’s phytotoxic effects may remain stable over 
time in certain parts of the plant, further support-
ing the potential of C. maculatum as a long-lasting 
source of natural herbicides. Higher concentrations 
of CmWE of dry leaves (20%) had a strong inhibitory 
effect on both S. media early shoot and root growth. 
Lower concentrations of CmWE of dry leaves (10% 
and 5%) promoted shoot growth but still inhibited root 
elongation, particularly at 10%, compared to control. 
Notably, the highest concentration of CmWE of dry 
leaves (50%) entirely suppressed the germination of 
S. media, while 20% CmWE of dry leaves significantly 
affected early seedling development, inhibiting root 
and shoot growth more effectively than seed germina-
tion. This indicates that 20% CmWE of dry leaves has 
a stronger phytotoxic impact on the post-germination 
phase, making it a promising candidate for S. media 
seedling control. This finding aligns with the results 
of Kazinczi et al. [38], who conducted a similar bioas-
say using sunflower extracts on the germination and 
seedling growth of A. artemisiifolia. Similar to our 
study, Sturm et al. [43] showed the inhibitory effect of 
sunflower water extracts on the germination and root 
length of S. media seedlings. In addition, Jovanović 
et al. [44] demonstrated the inhibitory effect of water 
extract of Xeranthemum cylindraceum on the germi-
nation of S. media. 

A particularly important finding of this study is 
that 5% CmWE of dry stems inhibited A. artemisiifolia 
germination (45%), highlighting this extract as the 
most environmentally friendly for controlling ragweed 
germination. Furthermore, 20% CmWE of dry stems, 
20% CmWE of dry leaves, and 50% CmWE of fresh 
leaves effectively inhibited ragweed germination by 
57%, 43%, and 45%, respectively, while lettuce seed ger-
mination was not significantly inhibited at treatments 
with 20% CmWE of dry stems and leaves. Additionally, 
a 50% CmWE of dry stems inhibited seed germina-
tion of S. media, A. retroflexus, and A. artemisiifolia 
by 20% to 89%, while the germination of L. sativa was 

less affected, showing only a 9% reduction. CmWE of 
dry leaves (20%) was more effective in inhibiting early 
root and shoot growth of S. media than in suppressing 
seed germination. All these properties could be valu-
able for integrated weed control strategies. However, 
further studies are needed to determine the optimal 
concentration of hemlock extract that increases herbi-
cide efficacy while minimizing impacts on non-target 
species and ecosystems. Future research should focus 
on the identification and characterization of bioac-
tive compounds contained in extracts from different 
plant parts, as well as the evaluation of their potential 
presence in non-target plants, and the determination 
of their degradation rate after exposure. The develop-
ment of standardized extraction methods and safety 
protocols will be key to advancing the practical use of 
hemlock-based bioherbicides as an environmentally 
friendly alternative to synthetic chemical herbicides.

It is important to note that while hemlock can of-
fer some weed suppression benefits, it is also toxic to 
humans and animals [7]. Thus, the use of hemlock for 
weed suppression should be approached with caution 
and implemented only in controlled environments 
where its toxic properties can be properly managed. 
Furthermore, its invasive characteristics and potential 
ecological consequences must be thoroughly assessed 
before considering it as a method for weed control.
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