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Abstract

The demand for sustainable weed management and the limited discovery of new herbicide molecules
have led to high interest in plant-derived bioherbicides, such as the water residues (WRs) from the
hydrodistillation of aromatic plants, which contain biologically active secondary metabolites. Here,
the phytotoxic potential of WRs of four aromatic plant species was investigated. Chemical
composition of WRs was determined by SPME-GC-MS, and their effect was assessed on seed
germination and seedling growth characteristics of Avena sterilis, Echinochloa crus-galli, and Zea mays.
Five concentrations, i.e., 0, 10, 20, 50, and 100, with 100 representing pure WR were tested. Phenolic
monoterpenes dominate WRs in oregano and thyme, and oxygenated monoterpenes in laurel and
lavender. Germination and growth responses were dose-dependent and species-specific. Oregano
and lavender WRs exhibited the strongest phytotoxicity, reducing weed germination by 82% and
79%, respectively. In contrast, laurel extracts showed weaker germination inhibition. Across all tested
species, germination delays were observed, making WRs a promising candidate for weed control.
The results also showed that WR affected root growth by up to 95% shoot by 70-80%. Maize exhibited
greater tolerance than the weed species maintaining higher germination. Overall, WRs represent a
promising tool for integrated weed management.

Keywords: natural herbicides; phytotoxicity; liquid residues of distillation; weed control; thyme;
laurel; oregano; lavender

1. Introduction

Herbicides have been the primary method of weed control worldwide since the late 1960s.
However, the excessive use of the same modes of action (MoA) has led to the development of weed
resistance [1]. Recently, progress toward more sustainable weed management approaches has
attracted the attention of various stakeholder groups [2]. These efforts are part of the European Green
Deal and the Farm to Fork strategy, which aims to reduce chemical herbicide use by 50% by 2030 [3].
Only a limited number of new MoAs have been discovered in recent years [4]. Natural compounds
emerge as a promising source for new chemistry, because of their structural diversity that differs
from synthetic herbicide molecules produced through conventional organic synthesis [5]. Among
natural sources, aromatic plants and essential oils produced by processing raw plant material have
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gained considerable attention for the development of the next-generation herbicides due to their
pronounced phytotoxic properties [6].

The Epirus region in northwestern Greece is characterized by high plant biodiversity, a
significant part of which is endemic. Differences in altitude, temperature, and soil conditions have
led to the development of distinct plant ecotypes. Studies have shown that altitude influences the
content and composition of essential oils and other secondary metabolites in aromatic plants,
resulting in variation in their biological activity and chemical profiles [7].

Among the aromatic plant species included in the present study i.e., thyme (Thymus vulgaris),
lavender (Lavandula angustifolia), oregano (Origanum vulgare), and laurel (Laurus nobilis), substantial
chemical-ecological variation has been documented in Greece. Oregano, for example, has been shown
to produce high essential oil yield with dominant carvacrol and p-cymene chemotypes [8]. A study
of multiple Greek thymus species documented substantial variation in volatile profiles (e.g., linalool-
rich, carvacrol-rich chemotypes), illustrating strong chemical polymorphism in relation to habitat [9].
This ecological and chemical diversity attracts the interest of scientific research towards aromatic and
medicinal plants in Epirus region as a potential source for discovering new chemistries for
sustainable weed control.

Distillation of essential oils results in the production of two main by-products (i) plant biomass,
which includes solid residues from leaves, flowers, and stems that represents about 60-65%, and (ii)
condensed water, referred to as water residues (WRs), which accounts for 30-35% of the total output
(Figure 1) [10]. These contain various secondary metabolites, including terpenes, phenolic
compounds, and flavonoids, which have been shown to act as germination and growth inhibitors of
several weed species [11,12]. By-products from the distillation of thyme (Thymus vulgaris) and
lavender (Lavandula angustifolia), for instance, contain potent bioactive molecules such as thymol and
carvacrol, which have exhibited phytotoxic activity against a range of weed species [13]. In addition,
residues from the distillation of rosemary (Rosmarinus officinalis) contain flavonoids such as luteolin
and rosmarinic acid, which affect the growth of several weed species [14,15]
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Figure 1. Graphical abstract of hydrodistillation process for extracting WRs and testing their phytotoxicity.

To our knowledge, research on the agricultural use of WRs from essential oil extraction remains
underexploited. This study aims to investigate the phytotoxic effects of liquid residues produced by
hydrodistillation of selected aromatic and medicinal plant species from the Epirus region on the
germination and seedling growth of various grass weed species.
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2. Materials and Methods

2.1. Plant Material

Aromatic plants, including oregano, thyme, lavender, and laurel were collected in July 2025 from
various locations in the Epirus region, Greece (Table 1). For each species, plant material was sampled
from two different altitudes (low and high) to evaluate the potential influence of altitude on water
residue composition. The aerial parts of the aromatic plants were collected during the flowering
stage, air-dried at room temperature (25 + 2 °C) in a shaded and well-ventilated area, and stored in
paper bags until distillation.

Table 1. Stratified sampling design of aromatic plant species from various altitudes in the Epirus region.

Aromatic Plant Species Location Altitude (m) Sample Name
. Arta 1100 Oregano H
Origanum vulgare (Oregano)
Arta 30 Oregano L
. Ioannina 800 Thyme H
Thymus vulgaris (Thyme)
Arta 30 Thyme L
. Ioannina 680 Laurel H
Laurus nobilis (Laurel)
Arta 30 Laurel L
o Preveza 650 Lavender H
Lavandula angustifolia (Levander)
Arta 30 Lavender L

Note: H=High altitude, L=Low altitude.

The weed species, wild oat and barnyardgrass, as well as a maize cultivar (P0937, Pioneer Hi-
Bred International, Inc.), were used in this study. The weed samples were collected from naturally
occurring weed populations at the experimental fields of the University Campus in Arta, Greece,
during the 2024-2025. Both weed species were chosen due to their wide distribution and invasive
nature in the region of Epirus.

2.2. Essential Oil Extraction and Water-Residue Preparation

Essential oils (EOs) were extracted from 40 g of dried plant material by hydrodistillation,
employing a Clevenger-type apparatus for 4 h [16]. The WRs remaining beneath the boiler’s lower
grate after distillation were collected, filtered through Whatman No. 1 filter paper, and the resulting
solutions were stored in dark containers at 4 °C until further analysis.

2.3. Sample Preparation and SPME Extraction

For the extraction of volatile compounds from the WRs, SPME was performed using a
DVB/CAR/PDMS fiber (50/30 pm; Supelco, Bellefonte, PA, USA). Five milliliters of the WRs sample
were placed into a 20 mL glass vial, sealed with PTFE-silicone septa and aluminum crimp caps, and
equilibrated for 10 minutes at 45°C on a magnetic stirrer (100 rpm) with a PTFE-coated stir bar. After
equilibration, the SPME fiber was exposed to the headspace for 10 minutes at 45°C to extract the
volatile compounds. The fiber was then desorbed in the GC injector port at 250°C for 5 minutes.

2.3.1. GC-MS Analysis

Volatile compounds were analyzed using an Agilent 7890A GC system (Agilent Technologies,
Santa Clara, CA, USA) coupled with an Agilent 5975-MS detector. Separation was performed on a
DB-5MS capillary column (60 m x 0.32 mm i.d., 0.25 um film thickness). The injector temperature of
GC was set at 250 °C, while the oven temperature program started at 40 °C (held for 3 min) and
increased to 260 °C at a rate of 8 °C min™'. The transfer line temperature was maintained at 270 °C.
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Helium was used as the carrier gas at a flow rate of 1.5 mL min, with a split ratio of 10:1. For mass
spectrometry, the ion source temperature was 250°C, the quadrupole temperature 150°C, and
electron ionization at 70 eV, with a scan range of m/z 50-550. The volatile compounds were identified
by comparing their mass spectra with the NIST 05 and Wiley 7.0 mass spectral libraries.
Quantification was based on peak area integration from the GC-MS chromatogram.

2.4. In Vitro Experiment

The experiment was conducted in glass Petri dishes, 80 mm in diameter, to evaluate the effect of
WRs at different concentrations on the germination and early growth characteristics of weed and
maize seedlings. Before the experiment, seeds were surface sterilized by soaking them in 5% sodium
hypochlorite for 3 minutes to eliminate possible fungi and spores” infections on their surface. After
disinfection, the seeds were thoroughly rinsed with distilled water.

For each weed species, five seeds were placed on moistened Whatman No. 1 filter paper inside
Petri dishes. The WRs solutions employed contained 100 (pure WR), 50 (one-part WR and one-part
distilled water), 20 (one-part WR and three parts distilled water), and 10 (one-part WR and nine parts
distilled water), and 0 (distilled water only), as a control (Table 2) [17]. Each Petri dish received 10
mL of the corresponding treatment solution to moisten the filter paper. Dishes were then sealed with
parafilm to reduce evaporation. Also, they were checked daily and were getting moisturized with
distilled water when necessary. Each combination of weed species, WR concentration, and aromatic
plant species from which the WRs were obtained during hydrodistillation was replicated four times
by two runs, resulting in a total of 960 Petri dishes.

Table 2. Doses of water residues from aromatic plants distillation.

Treatment Doses Description
TO 0 Distilled water only
TA 10 One-part WR and nine parts distilled water
B 20 One-part WR and three parts distilled water
TC 50 One-part WR and one-part distilled water
TD 100 Pure WR

Note: WR=Water residue.

The Petri dishes were incubated in a growing chamber at 25°C under dark conditions.
Germination was monitored every 24 hours, and the number of germinated seeds was recorded daily.
Seeds were considered germinated when the radicle reached a length of at least 1 mm. After ten days
of incubation, when no further germination was observed in control, the experiment was terminated
and the germination percentage, shoot, and root length were recorded. These parameters were then
used to calculate mean germination time, germination index, germination rate index, coefficient of
velocity of germination, seedling vigor index. A detailed description of each parameter, along with
the corresponding equations and their biological significance, is shown in Table 3.
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Table 3. Description of the parameters used to study seed germination.

Germinati
If:‘:;::tzn Calculation Description Notes & References
Germination GP = (Number of Ratio of germinated seeds to Indicates the final germination
Percentage (GP) germinated seeds / Total total seeds, expressed as a capacity under the tested
& number of seeds) x 100 percentage conditions [18].
Mean erfrrllsir:::eguor:tzij o)f(s;eisthe The lower the MGT, the faster the
Germination MGT=Y fxX/ Y f 8 y 2 population of seeds has
. number of days from the .
Time (MGT) .. . germinated [19].
beginning of the experiment.
Et is the number of seeds that
Germination Gy (Et/ DY) emerged in t days; Dt is the Higher GRI values indicate higher
Index (GI) number of corresponding and faster germination [20].
germination days
G1=Germination percentage x Reflects the percentage of
Germination GRI=G1/1+ G2/2 + - + 100 at the first day after germination on each day of the
Rate Index (GRI) Gx/x sowing, G2=Germination germination period. Higher GRI

percentage x 100 at the second ~ values indicate higher and faster

day after sowing germination [21].

Coefficient of Indicates the rate at which seeds

Velocity of CVG=[YNi/Y(Nix Ti)] Ni is the number of seeds emerge seedlings during an
Germination x 100 germinated at time Ti experimentation, higher values
(CVG) represent faster germination [19].
Evaluat 11 seedli
Seedling Vigor SVI = Seedling total Product of seedling growth vatuates overall seecting
. performance by combining
Index (SVI) length (cm) x GP (%) and germination percentage

growth and germination [20].

2.5. Experimental Design and Data Analysis

A stratified sampling design was employed in which distinct subgroups (aromatic plant spp.)
based on altitude (>650 m and 30 m above sea level) were randomly collected for hydrodistillation
(Table 1). A complete randomized design with four replicates and two runs was employed. Data were
analyzed by the application of various statistical techniques due to the multilevel structure of the
research described in this work. Specifically, these consisted of 4 levels of aromatic WRs based on the
plant material used in hydrodistillation (i.e., lavender, laurel, oregano, and thyme), 2 levels of altitude
(high vs low), five levels of WRs application rate (i.e., control, 10, 20, 50, and 100 parts per application
dose), and 3 levels of treated plant material (i.e., wild oat, barnyardgrass, and maize). Analysis of
variance (ANOVA) was used for the detection of significant differences in weed germination, root
and shoot length, considering altitude as a random variable, while treatment (WRs application rate)
was nested within aromatic plant species. In addition, the dose-response curve approach was used
to determine the efficacy of WRs in reducing weed seed germination, using a logistic model with
three parameters (Eq. 1).

y= [1+exp(—a X(treatment—b))]
Where y=percentage germination; c=asymptote; a=growth rate; b=inflection point

Equation 1

The data from the two runs were pooled and analyzed simultaneously, as no significant
differences were found between them. JMP Pro v. 19.0.3 (SAS Institute, Cary, NC. USA) and Origin
6.0 (OriginLab Co., Northampton, MA, USA) were used for statistical analyses and curve fitting.
Parallelism tests were performed to determine whether the curve fitting parameters (i.e., asymptote,
inflection point and growth rate) are significantly different from each other. When p value is less than
p<0.05 there is evidence that the curves are not parallel, meaning the parameters or some of these that
control them are statistically different.
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3. Results

3.1. Chemical Composition of Water Residues

The relative chemical composition (%) of the compounds identified in the WRs of laurel,
lavender, oregano, and thyme (Figure 2). The GC-MS analysis detected constituents of oxygenated
monoterpenes, monoterpene hydrocarbons, sesquiterpene hydrocarbons, and phenolic compounds,
with qualitative and quantitative differences among aromatic plant species, while low and high
altitude influenced the chemical profile of the collected samples (Figure 2).

o0-Cymen-5-ol
= —
Thymol N ]

cis-Geraniol iaiital L
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c
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g- 6-methyl-5-hepten-2-one Levander L
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Figure 2. Chemical composition of water residues obtained from laurel, lavender, oregano, and thyme from

various altitudes in the Epirus region. Note: H=High altitude, L=Low altitude.

The WRs of laurel were dominated by 1,8-cineole, which accounted for 57.22% in laurel L and
18.42% in laurel H. Laurel L contained higher relative percentages of several sesquiterpene
hydrocarbons, including caryophyllene (16.47%), 3-elemene (6.30%), a-humulene (2.28%), 3-selinene
(1.51%), a-selinene (1.14%), and a-amorphene (1.87%). In contrast, laurel H was characterized by the
presence of limonene (4.92%), hotrienol (2.06%), nerol oxide (1.87%), a-terpineol (8.15%), and
camphene (21.72%). These results indicate that laurel H displayed higher chemical diversity, whereas
higher concentrations of selected major constituents characterized laurel L.

The chemical profile of lavender WRs was characterized mainly by oxygenated monoterpenes,
as in the case of 1,8-cineole, which was the major constituent in lavender L (35.29%), while a lower
percentage was observed in lavender H (7.21%). Borneol, on the contrary, was abundant in Lavender
L (23.83%) but decreased markedly in lavender H (2.26%). Conversely, lavender H exhibited higher
relative percentages of 6-methyl-5-hepten-2-one (20.32%) and linalool (23.39%) compared to lavender
L (243% and 5.30%, respectively). Minor constituents, including oa-terpineol, cis-verbenone,
myrtenol, lavandulol, cis-geraniol, and geraniol, were detected at low levels in one or both samples.
Overall, the two samples exhibited similar classes of compounds but differed substantially in the
relative abundance of individual constituents.

WRs of oregano showed a phenolic-dominated composition. In oregano L, carvacrol (53.67%)
and thymol (40.16%) were the predominant constituents. Oregano H exhibited a higher concentration
of carvacrol (60.80%), while thymol was detected at a lower percentage (19.37%).

The WRs of thyme were characterized by a narrow phenolic profile. Thymol was the dominant
compound in both samples, accounting for 90.58% in thyme L and 60.76% in thyme H. Carvacrol was
detected at lower levels, with higher relative abundance in thymus H (12.17%) than in thyme L
(3.92%). Additionally, o-cymen-5-ol was detected exclusively in thymus H (2.54%).

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0216.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2026

Across all plant species, low and high altitude collected samples shared similar major
compounds within each species. The quantitative and qualitative variations in the chemical profiles
can be attributed to species-related factors and altitude.

3.2.  Germination Attributes

Germination tests were performed to examine the germinability of untreated seeds among all
species tested in this research. The germination of these was recorded between 85% for barnyardgrass
and wild oat, and 98 % for maize.

The phytotoxicity, in ascending order, on weed species exposed to WRs was laurel<
thyme<lavender<oregano. In contrast, maize was generally more tolerant to WR treatments than the
weed species, maintaining relatively higher germination percentages across extract types and
concentrations (Figure 3a) often remaining above above 50% even at moderate concentrations. At
low concentrations (10%), laurel and lavender WRs resulted in an increased germination of weed
species by approximately 5-15% compared with the corresponding controls. However, germination
declined progressively at higher concentrations. Overall, oregano and lavender WRs exhibited the
strongest phytotoxic effects, followed by thyme, whereas laurel showed the weakest inhibitory
activity. At 50% concentration, oregano and lavender WRs markedly reduced germination, in several
cases less than 30%, while at 100% concentration, germination of weed species approached zero.

BTO@TA@TEQTCATD b |70 @TA @T8 @TC @TD

120 a

o 2 & 8 8
w & ow e

Germination percentage
Mean Germination Time

BTO@TA@TE@TC @TD |To@TA@Te@TC @70
= «, d

Germination Index
Coefficient of Velocity of Germination

@TA @7 @TC aT

Figure 3. Effects of different concentrations (0-100%) of laurel, lavender, oregano, and thyme water residues
(WRs) on germination indices GP (3a), MGT (3b), GI (3¢c), CVG(3d), SVI(3e), GRI (3f) of maize, wild oat, and
barnyardgrass. Bars represent LSD values at p<0.05. Note: T0O=control, TA=10% of WR, TB=20% WR, TC=50% of
WR, TD=100 WR.

The effects of laurel, lavender, oregano, and thyme WRs on germination parameters are shown
in Figure 3b-f.

Mean germination time increased significantly (p<0.05) at high concentrations of WRs,
indicating delayed germination (Figure 3b). The same trend in relation to WR treatments, irrespective

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0216.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2026

of the aromatic species used, was recorded for GRI and GI, demonstrating a substantial reduction in
germination speed and cumulative rate (Figs 3c, f). The CVG was also decreased significantly (p<0.05)
at higher WR concentrations (Figure 3d), confirming the inhibitory phytotoxic effects of aromatic
plant treatments on germination rate.

The seedling vigor index (SVI) was also significantly (p<0.05) decreased with increasing WR
concentration, following a trend similar to GRI and CVG, indicating that reduced germination rate
translated into lower seedling vigor (Figure 3e). Significant effects were observed at 50% and 100%
WR concentrations, particularly under oregano and lavender treatments. Overall, the inhibitory
effects were more pronounced in weed species than in maize (Figure 3b—f)

3.2.1. Germination Curves

Germination of wild oat and barnyardgrass seeds exhibited similar sigmoidal patterns under all
aromatic plant WRs treatments (Figure 4a-c) despite the estimated statistical differences between
curve parameters (Table 4).

Lethal dose 50 (LDs) values showed a moderate variation among WRs treatments. In the case
of wild oat, for example, LDs, values ranged from 48% in oregano to 50% in laurel, with thyme and
4a). Greater
variability was observed in barnyardgrass (Figure 4b), with oregano WR exhibiting the lowest LDs,

lavender exhibiting 50% of germination reduction at 60% of WRs dose (Figure

(10%), followed by thyme (22%) and laurel (30%). On the contrary, lavender required substantially
higher concentrations (68% of WRs) to achieve 50% germination inhibition.

Regarding maize LDso values under thyme and oregano WRs treatments were recorded at 20
and 38%, respectively. However, maize responded positively under higher doses of the aromatic
plant species mentioned above WRs treatments (i.e., 50 and 100%), indicating a tolerance at higher
concentrations. Instead, maize, at higher concentrations of laurel and lavender WRs treatment,
showed the opposite response (Figure 4c), probably due to an inverse hormesis effect.
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Figure 4. Curve fitting of the three-parameter sigmoidal model on the percentage germination of wild oat (a),
barnyardgrass (b) and maize (c) for each aromatic plant WR regime treatment. Note: Vertical bars represent the
standard error of the mean at p<0.05.
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Comparisons of the curve parameters (Table 4) and parallelism tests (Figure 4a-c) indicate
significant differences between the curve parameters for each treated plant species with WRs.

Table 4. Comparisons of the curve parameters between WRs concentrations as shown in Figure 4. Different

letters within each group of each treated species denote significant differences between curve parameters at

p<0.05. .
WRs origin Growth rate Inflection point Asymptote
Wild oat
Laurel -6.4012 1.507° 105.405¢
Lavender -5.0392 1.537° 100.546°
Oregano -6.0687 1.504° 90.594¢
Thyme -5.8472 1.569° 101.027=
Barnyardgrass
Laurel -3.119: 1.3682 95.8397
Lavender -4.662° 1.558> 94.9892
Oregano -5.256° 1.358° 55.425¢
Thyme -4.184° 1.382¢ 71.844°
Maize
Laurel -5.4252 1.5592 68.3532
Lavender -3.9930 1.475 70.9492
Oregano -3.7750 1.591a 73.8352
Thyme -2.347¢ 1.266° 92.3990

Seed germination was monitored over 10 days under control and WR treatments (laurel,
lavender, oregano, thyme) (Figure 5a—c). In all species, germination started within 48 h and reached
a plateau by 3-4 days.
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Figure 5. Curve fitting of the three-parameter sigmoidal model on the percentage germination of wild oat (a),
barnyardgrass (b) and maize (c) for each aromatic plant WR during experimental period. Note: Vertical bars
represent the standard error of the mean at p<0.05.
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Across species, WRs consistently reduced germination compared to the control, mainly by
lowering the asymptote, while effects on the inflection point (timing) were insignificant (Table 5).

Table 5. Comparisons of the curve parameters of wild oat, barnyardgrass and maize during the experimental
period. Different letters within each group of each species denote significant differences between curve

parameters at p<0.05. .

WRs origin Growth rate Inflection point Asymptote
Wild oat
Control 5.776 1.588 32.876°
Laurel 4.1330 1.6342 18.5310
Lavender 5.058> 1.5792 21.127>
Oregano 4.565° 1.5842 16.905>
Thyme 4.383b 1.6452 21.188p
Barnyardgrass
Control 6.8512 1.5302 38.9972
Laurel 3.529¢ 1.731b 18.504¢
Lavender 4.301° 1.688¢ 23.099°
Oregano 3.742b 1.5742 10.6314
Thyme 4.174b 1.5892 14.1544
Maize
Control 7.2112 2.4982 38.0012
Laurel 4.556° 2.6182 19.114b
Lavender 44730 2.6452 20.464°
Oregano 4.908> 2.5912 20.543b
Thyme 3.805° 2.6632 18.197°

Oregano showed the strongest inhibition, whereas lavender generally showed the weakest. In
wild oat (Figure 5a), germination declined from 32.9 (control) to 16.9-21.2 under WRs, with minimal
differences in inflection point (1.579-1.645), indicating a synchronous germination timing. Growth
rate was moderately reduced compared to the control. In barnyardgrass (Figure 5b), WR effects
were stronger than in wild oat, with germination decreasing from 39.0 to 10.6-23.1. Oregano and
thyme caused the greatest reductions. Unlike wild oat, small but significant differences in inflection
point (1.530-1.731) suggest slight treatment-dependent germination delays. In maize (Figure 5c),
germination decreased from 38.0 to 18.2-20.5 under all WRs, with no significant differences in
inflection point (2.498-2.663), indicating stable germination timing despite reduced capacity. Overall,
barnyardgrass was the most sensitive species, followed by wild oat and maize, with WRs primarily
affecting final germination rather than germination dynamics.

3.3. Morphological Parameters

Following the evaluation of germination attributes, the effects of treatments, aromatic plant
WRs, and altitude were examined for their impact during the early seedling growth stages i.e., shoot
and root length.

ANOVA showed several significant interactions for shoot length (Figure 6a-d). Specifically, the
interaction between treatment x species x aromatic plant WRs was highly significant (p<0.0001). In
addition, treatment x aromatic plant WR x altitude (p <0.0001), species x aromatic plant WR x altitude
(p=0.0038), and the aromatic plant WR x altitude interaction (p= 0.002) were also significant.

Shoot length decreased progressively with increasing WR concentration across aromatic plant
treatments and altitudes (p<0.05). The greatest reductions were observed under oregano and
lavender treatments, where shoot length decreased by approximately 40-70% compared with the
control (TO). In contrast, laurel and thyme exhibited weaker effects, with smaller reductions observed
under the same concentrations.
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Species-specific differences were also observed. In particular, wild oat exhibited the highest
shoot length, followed by maize, whereas barnyardgrass showed reduced growth of approximately
55-70% under TD treatment compared with control across aromatic plant WRs and altitudes.

Altitude, along with species and aromatic plant WRs, also affected shoot length. In several
combinations, particularly under laurel and thyme WRs, shoot length was significantly higher at high
altitude compared with low altitude (p<0.05), although this pattern was not uniform across all
treatments and species.
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Figure 6. Effects of treatment, species, aromatic plant WRs, and altitude on shoot length under different three-
way interactions: (a) Treatment x species x aromatic plant WRs, (b) Treatment x species x altitude, (c) Species x
aromatic plant WRs x altitude, (d) Treatment x aromatic plant WRs x altitude. Vertical bars represent LSD values
p<0.05 probability level.

Root length was also significantly influenced by treatment, species, aromatic plant WRs, and
altitude. The interaction treatment x species x aromatic plant WR was highly significant (p<0.0001).
Significant interactions were also observed for treatment x species x altitude (p=0.0032), treatment x
aromatic plant WR x altitude (p=0.002), and species x aromatic plant WR x altitude (p=0.0479).

Across species and aromatic plant WRs (Figure 7a, d) treatments TA produced the highest root
length, equaling or slightly exceeding the control, whereas TB resulted in moderate reductions
(approximately 10-25% relative to control, depending on species and WR). In contrast, TC and TD
suppressed root growth, with reductions ranging from approximately 35% to 65% compared with
TO.

Wild oat exhibited the highest root length across most treatment x WR x altitude combinations,
followed by maize, while barnyard grass consistently showed the lowest values. Under TD, barnyard
grass root length was reduced by approximately 50-70% relative to control across aromatic plant
WRs and altitudes. Similarly, for root growth, these observations revealed a species-specific effect.

When examined across altitude and aromatic plant WRs (Figure 7b, c), wild oat showed the
highest root length at both altitudes, particularly under laurel and thyme WRs. Maize had
intermediate root development, whereas barnyard grass maintained reduced root growth
irrespective of altitude or WR type. Root length tended to be higher at high altitude, although this
increase depended on treatment and WR identity, as shown by the three-way interactions.
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Laurel and thyme WRs were generally associated with comparatively higher root length values
under TA and TB, whereas oregano and lavender WRs were associated with reduced root growth,
especially under TC and TD. These patterns were consistent across altitudes.

In general, the results demonstrate that root and shoot growth responses depend on
concentration, species sensitivity, and altitude.
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Figure 7. Effects of the treatment, species, aromatic plant WRs, and altitude on shoot length.(a) Treatment x
species x aromatic plant WRs interaction, (b) Treatment x species x altitude interaction,(c) Species x aromatic
plant WRs x altitude interaction,(d) Treatment x aromatic plant WRs x altitude interaction. Vertical bars
represent LSD values p<0.05 probability level.

4. Discussion

The phytotoxic activity observed among WRs was associated with their chemical composition.
GC-MS analysis revealed qualitative and quantitative variation among plant species in relation to
the altitude at which the aromatic plant species were collected. Differences in WR content and
bioactivity can be attributed to geographical and climatic factors, soil properties, and variations in
altitude [22-24]. In agreement with previous reports, oxygenated monoterpenes and phenolic
compounds were the dominant chemical classes in aromatic plants [25].

Oregano and thyme WRs were characterized by high proportions of phenolic compounds,
mainly carvacrol and thymol. Similar patterns have been reported for Greek populations of oregano
and thyme, where carvacrol and thymol rich chemotypes were identified as dominant [9,26]. In laurel
WRs, 1,8-cineole was detected at higher proportion, which is in accordance with previous research
[27]. Likewise, lavender WRs were mainly composed of oxygenated monoterpenes such as linalool
and borneol, in agreement with earlier studies describing linalool-dominated chemotypes in
Mediterranean Lavandula angustifolia populations [10,28].

Altitude influenced the relative abundance of major constituents rather than altering the
principal chemical identity of each aromatic plant species. High altitude samples generally exhibited
greater chemical complexity, particularly in laurel and lavender, suggesting that harsh
environmental conditions may enhance secondary metabolite diversification. Such ecological
modulation of secondary metabolism has been reported for various Mediterranean aromatic species
[7]. Differences in essential oil composition associated with altitude have also been documented in
Greek Lamiaceae populations [9], which may explain the observed differences in phytotoxic
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responses between low and high-altitude aromatic species and subsequently the composition of WRs
originating from these species.

Germination indices showed that WRs reduced the proportion of seeds able to germinate and
delayed germination of viable seeds. The greatest inhibition was observed at 100% concentration,
especially in the case of oregano and lavender WRs, demonstrating a strong dose-dependent
phytotoxicity. The sigmoidal dose-response curves further confirmed this pattern, indicating a
gradual transition from partial to complete inhibition as WR concentration increased. Both shoot and
root length were influenced by treatment, species, aromatic plant, and altitude, indicating that
morphological parameters are highly sensitive to chemical composition and environmental origin of
WRs derived from aromatic plants. Similar results were found by Boukhalfa et al. [29], who reported
a clear dose-dependent effect, where increasing concentrations of thymus essential oils progressively
inhibited the seed germination and seedling growth of Lolium perenne and Amaranthus retroflexus,
with the highest doses ceasing germination of these species. Another study showed that many
oxygenated monoterpenes, such as 1,8-cineole, linalool, and borneol, inhibited seed germination and
seedling growth of Amaranthus retroflexus, Chenopodium album, and Rumex crispus [30]. De Almeida et
al. [31] observed that the essential oils (EOs) from various aromatic plants, including Hyssopus
officinalis, Lavandula angustifolia, Majorana hortensis, Melissa officinalis, Ocimum basilicum, Origanum
vulgare, Salvia officinalis, and Thymus vulgaris on Raphanus sativus, Lactuca sativa and Lepidium sativum
showed satisfactory inhibitory activity against the germination and the radical length of the weed
species mentioned previously, depending on the application dose of water residue.

Root length was more sensitive than shoot length at higher concentrations of WRs (Fig 7a-d).
Phenolic compounds such as carvacrol and thymol have been shown to impair cell division and
elongation processes in roots [32]. This observation aligns with studies on walnut leaf extract, where
shoot elongation in A. retroflexus and C. album was less affected than root elongation [33]. Similarly,
Alipour et al. [34] observed a greater effect of encapsulated rosemary essential oil on the root
morphology compared to the aerial part of A. retroflexus. Roots are particularly sensitive due to their
high permeability and direct exposure to compounds in the soil [35,36].

High concentrations of WRs significantly inhibited the germination and growth of weed species,
while having only minor effects on the germination of maize. Seed germination efficiency is
influenced by seed size and seed weight; larger seeds generally contain more nutrient reserves,
enabling faster germination and seedling growth, as well as higher survival rates compared to
smaller seeds [37,38]. This may explain the relatively good germination of maize seeds even at higher
WRs concentrations. In line with the findings presented in this work previous studies have shown
that the effect of plant-derived bioactive compounds are not necessarily generalizable to all weed
species but can be markedly species-specific. Kitis [39] investigated the herbicidal activity of
Origanum onites essential oil against five ALweed species and five wheat cultivars and observed that
weeds were more sensitive, with germination and seedling growth inhibited by over 50 %, while
wheat showed only up to ~30 % reduction, highlighting a species-specific herbicidal effect. Also,
according to Konstantinovi¢ et al., [17] maize and sunflower showed the greatest resistance to
Thymus vulgaris hydrolates among various weed species.

Lavender and laurel WRs showed weaker inhibition of seed germination and seedling growth
than oregano WR, especially at lower concentrations. Their compounds are known to have phytotoxic
properties but generally act less aggressively than phenolic monoterpenes [6,40]. Interestingly, low
concentrations of lavender and laurel sometimes slightly stimulated germination or shoot growth.
However, inhibition of seed germination and growth is strongly affected by increased concentration
of WRs. Our results showed that lavender WRs exhibited stronger inhibition than laurel and thyme
WRs. According to Poveda et al. [41] lavandin hydrolates were efficient at different concentrations to
reduce seed germination and seedling development of different weeds and crops, monocotyledons
and dicotyledons. Similarly, Pouresmaeil et al. [42] reported that 1,8-cineole exhibited strong
phytotoxic activity against Avena fatua, leading to complete inhibition of seed germination at the
tested concentration.
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Based on our results (Figure 2), oregano and thyme share a similar chemical profile. The
phytotoxic activity of Thymus vulgaris has been confirmed in various extracts and essential oils [43,44].
Our study showed that oregano WRs in most cases produced the higher suppression of weed
germination and seedling growth. The estimated LDs, values showed that oregano WRs reached LDs
at lower concentrations, particularly in barnyardgrass, indicating higher phytotoxic effects. Moderate
concentrations were sufficient to reduce germination significantly, while full-strength residues
inhibited germination. Angelini et al. [45] tested different essential oils from Rosmarinus officinalis,
Thymus vulgaris and Satureja montana and their main compounds on different weeds and crops. More
particularly S. montana essential oil with 57% carvacrol was the most effective. The essential oil of
Thymbra capitata and its main compound carvacrol inhibited the germination and seedling growth of
Setaria verticillata, Avena fatua, and Solanum nigrum at 0.5 puL/mL [46].

Carvacrol, a monoterpenoid phenol present in the essential oils of many different plants,
including oregano, had an effective phytotoxic effect against a wide variety of weeds [47]. De Mastro
et al. [48] showed that carvacrol at the concentration of 0.3 pL mL-1 completely inhibited the
germination of A. retroflexus and L. perenne seeds. Also, Kordali et al. [49] observed that thymol and
carvacrol obtained from Origanum acutidens essential oil inhibited the seed germination and seedling
development of A. retfoflexus. The phytotoxic activity of carvacrol is mainly attributed to its ability to
disrupt cell membrane integrity, induce oxidative stress, and interfere with essential physiological
processes during seed germination [6,50]. Thymol is a phenolic monoterpene also present in the
essential oils of various plant species, being the main component of those obtained from oregano or
thyme. The primary component of essential oils from lemon balm, sage, savory, thyme, and ajowan
is thymol, which effectively prevents the germination and growth of the aerial and root parts of
cocklebur, wild oat, short-spiked Phalaris canariensis, Amaranthus retroflexus and Echinochloa crus-galli
[51]. There hasn't been much research done on the phytotoxic chemical thymol's modes of action.
However, it has been reported that Mentha longifolia essential oil, rich in thymol, inhibited the
germination and growth of Cyperus rotundus and Echinochloa crus-galli weeds as a result of cellular
aberrations, including chromosomal bridges, c-mitosis, stickiness, vagrant chromosomes, and
reduction of the mitotic index [52].

Although most previous studies have focused on essential oils, the present results demonstrate
that water residues retain considerable phytotoxic activity. This indicates that WRs contain sufficient
amounts of water-soluble bioactive compounds or residual fractions of volatile constituents capable
of exerting biological effects. Therefore, the phytotoxic effects observed in this study are indicative
that WRs can exert similar behavior to that reported for essential oils, despite the lower intensity due
to dilution and compositional differences.

5. Conclusions

The present study demonstrates that water residues (WRs) derived from the hydrodistillation
of aromatic plants exhibit phytotoxic potential, affecting both weed seed germination and seedling
growth. The observed effects were dose-dependent and species-specific, with weed species showing
greater sensitivity than maize. Among the tested residues, oregano and lavender WRs exhibited the
strongest inhibitory effects in most cases, whereas laurel showed comparatively weaker activity.

Chemical analysis revealed that phenolic monoterpenes, particularly carvacrol and thymol,
were associated with stronger phytotoxic effects, whereas oxygenated monoterpenes showed more
moderate activity. Furthermore, altitude influenced the relative abundance of bioactive compounds,
contributing to variation in phytotoxic responses.

Dose-response curves indicated that WRs reduced final germination capacity rather than
altering germination dynamics, as reflected by differences in curve asymptotes and LDs, values. The
low LDs values observed in weed species suggest that substantial inhibition can be achieved at
moderate WR concentrations, highlighting their practical potential for weed management
applications.
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The greater tolerance of maize compared to weed species indicates a degree of selectivity,
suggesting that WRs could be used to suppress weeds without severely affecting crop germination.
This selective response may enhance crop-weed competition during early growth stages, offering an
additional advantage to the crop.

Furthermore, the utilization of WRs is in line with the circular economy practices, as these
residues represent an underexploited by-product of essential oil production that can be exploited for
agricultural use. Further research is needed to evaluate their performance under field conditions and
to optimize their application strategies.

Overall, these findings highlight the potential of WRs as a sustainable and selective tool for
environmentally friendly weed management approaches. Their ability to inhibit weed germination
while minimizing the negative effects on crop species suggests that WRs could be further explored
as bioherbicidal agents in integrated weed management strategies.
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The following abbreviations are used in this manuscript:

CVG Coefficient of velocity of germination
GRI Germination rate index
MGT Mean germination time
MoA Mode of action

SVI Seedling vigor index
GI Germination index
GP Germination percentage
WR Water residue

LDso Lethal dose 50

EOs Essential oils

L Low altitude

H High altitude
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