
Vol.:(0123456789)1 3

Journal of Plant Growth Regulation 
https://doi.org/10.1007/s00344-022-10649-7

Aqueous Litter Extracts of Native Grass Species Suppress Exotic Plant 
Species Under Allelopathic Conditions

Muhammad Usman Ghani1 · Hang Yuan1 · Mei Tian1 · Muhammad Kamran1 · Fujiang Hou1

Received: 30 July 2021 / Accepted: 21 March 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
Previous pasture residues can inhibit the establishment of exotic introduced plant species by exerting allelopathic effects. 
Concerning this issue, present research work was conducted to investigate the allelopathic potential of dominant native 
grass species (Lespedeza davurica, Stipa bungeana, and Artemisia capillaris) on the seed germination and seedling growth 
of exotic plant species (alfalfa and wheat). Different concentrations (2.5%, 5%, and 10%) of residue extracts of native grass 
species were used in the experiment. Results indicated that the aqueous extracts of A. capillaris and S. bungeana at all con-
centrations significantly suppressed the seed imbibition, germination potential, germination rate, germination index, seedling 
height, above and belowground biomass of alfalfa seedlings. Meanwhile, L. davurica did not show any effect on germination 
indexes but it significantly suppressed the seedling height of alfalfa after two weeks. However, it improved the seed imbibi-
tion, seedling height, and biomass of wheat seedlings. The greatest inhibition effect was perceived by A. capillaris followed 
by S. bungeana extracts. To achieve sustainable agricultural development, it is important to utilize cultivation systems that 
take advantage of the stimulatory and inhibitory effects of allopathic plants to regulate plant growth and development and 
to minimize the risk of toxicity caused by allopathic plants species.
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Graphical Abstract
Overall processes of allelopathy and how allelochemicals are derived from the aerial parts of plants and reveals that allelo-
chemical compounds primarily contain phenolic compounds, terpenes, and fatty acids, which influence the seed germination, 
survival, growth, and development of other plants (e.g., crops or weeds).
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Introduction

Rangeland and pastures cover more than 40% of the total 
land area of China (Zhou et al. 2017). These lands contrib-
ute to the long-term sustainability of livestock and forage 
production as they provide habitat to a variety of native 
plants and animals (Feng et al. 2010). To meet the global 
demand for forage production, species have been selected 
based on their ability to adapt  to local environmental con-
ditions and their rapid growth potential (Michalk et al. 
2019). In many areas, exotic plants species are most effec-
tive for producing high yields (Dodet and Collet 2012). 
Several exotic plants species are introduced in rangelands 
to provide multiple ecological benefits, including, stress 
resistance, improved forage yield, and quality (Belnap 
et al. 2012; Blackburn et al. 2014; Rhodes et al. 2021). 
New combinations of introduced exotic and native plant 

species have changed rangelands into novel ecosystems 
(Belnap et al. 2012). The management of these novel eco-
systems becomes increasingly challenging (Seastedt et al. 
2008). One of the most important  factors to novel plant 
communities is competition between plants which influ-
ences the structure and development of introduced plant 
communities (Blindow et al. 2016; Kegge and Pierik 2010; 
Kiaer et al. 2013).

Direct competition in the form of allelopathy (chemical-
based communication among plants) is gaining attention 
due to its potential in multiple fields (Michalet et al. 2006; 
Scognamiglio et al. 2013). Allelopathy is a natural ecolog-
ical phenomenon, that can stimulate or inhibit plant germi-
nation and growth by releasing secondary metabolites into 
the environment (Cheng and Cheng 2015; Farooq et al. 
2011; Schandry and Becker 2019; Mushtaq et al. 2020a). 
Allelochemicals can affect plant growth and development 
in multiple ways, affecting different physiological and 
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biochemical processes including, cell division, biosynthe-
sis of certain hormones and proteins, uptake and transport 
of minerals across the membranes, water absorption, mem-
branes permeability, stomatal conductance, photosynthe-
sis, respiration, and protein breakdown in target plants (Ali 
et al. 2008; Farooq et al. 2013; Field et al. 2006; Zhang 
et al. 2010).

Native pasture residues exert allelopathic effects on co-
occurring plants, which inhibit the seedling establishment 
of exotic plant species by exuding allelopathic exudates 
(Adomako et al. 2019; Cummings et al. 2012; Zhang et al. 
2015). Likewise, allelopathy can be an important biologi-
cal force that affects the germination and growth of target  
plants species, and consequently the population dynam-
ics of plant species and community assembly (Mushtaq 
et al. 2020c; Zhang et al. 2021). The overall aim of previ-
ous research on allelopathy was the reduction of chemical 
pesticide inputs and consequent environmental pollution, 
and implementing effective methods for sustainable agri-
cultural development (Han et al. 2013; Jabran et al. 2015; 
Li et al. 2010; Macías et al. 2003; Mushtaq et al. 2020b). 
A lot of research has been done to explore the inhibitory 
potential of different allelopathic crops for the sake of 
weed management (Bajwa et al. 2020; Farooq et al. 2011; 
Mushtaq et al. 2019; Nawaz et al. 2014; Sarić-krsmanović 
et al. 2020). The presence of weeds causes serious losses 
to agricultural production, both in quantitative and quali-
tative terms, because they constantly compete spatially 
with crop plants, limiting the available amount of nutri-
ents, light, moisture, and physical space (Scavo et  al. 
2018; Svizzero 2021). A reduction in herbicide rates can 
be achieved through combining allelopathic extracts with 
reduced herbicide rates (Khaliq et al. 2002; Iqbal et al. 
2009), based on their studies, they found that the use of 
these water extracts reduced herbicide application rates in 
certain field crops by 50 percent. Furthermore, researchers 
found that using sorghum extract (12 L  ha–1 rate) for cot-
ton, the amount of the required herbicide could be reduced 
by 50–60% (Cheema et al. 2003). A similar result was 
obtained by evaluating the effectiveness  of combining 
sorghum and sunflower water extracts with reduced doses 
of some early post-emergence herbicides for weed control 
in wheat crops (Razzaq et al. 2010).

In response to crop allelopathy, it is important to screen 
putatively allelopathic accessions, different screening tech-
niques have been developed (Li et al. 2015). However, direct 
field screening imposes limitations, as it is time-consum-
ing, requires  large amounts of space and labor, and can 
be expensive, especially when there are large collections of 
crop germplasm to be screened (Wu et al. 2001). The pot-
ting method (Putnam and Duke 1974), and rhizosphere soil 
method (Fujii et al. 2005) as a medium for the screening 
of allelochemical activity under greenhouse are the most 

convenient methods (Macias et al. 2007; Farooq et al. 2011). 
It has been suggested that each specific method depends on 
the researcher's goals, bioassay species, the availability of 
analytical instruments and that the screening results by labo-
ratory methods should be further confirmed by field testing 
(Wu et al. 2001).

Though, previous literature has reported the effects of 
various native pastures and weeds allelopathic effects on 
co-occurring plants. Yet, little information is available on 
how native dominant pasture species of Lespedeza davurica, 
S. bungeana, and A. capillaris could  affect the seed ger-
mination and seedling establishment of introduced species 
(wheat and alfalfa). Therefore, the present study was con-
ducted to determine whether L. davurica, S. bungeana, and 
A. capillaris had allelopathic effects on introduced exotic 
plant species, and how different concentrations of residue 
extracts from these pastures would affect seed germination 
and seedling growth of alfalfa and wheat seedlings. Results 
from this study would help in the understanding of interac-
tions among plants communities, which may help modify 
crop cultivation patterns  with resulting yields increments.

Materials and Methods

Plant Material and Treatments

A pot experiment was conducted at the Tian Shui Grass-
land Research Station in Huanxian county, Gansu province, 
Northwest China (37.12°N, 106.82°E; 1650 m in elevation). 
Plastic pots (20 cm height and 18 cm diameter) were filled 
with soil collected from natural grassland (0–10 cm soil pro-
file). The physicochemical properties of soil are presented 
in Table 1. High-quality alfalfa (30) and wheat (10) seeds 
were planted in each pot. The aqueous litter extracts were 
applied to each pot before the commencement of the seed 
sowing. Overall, there were 10 treatments including 0 (con-
trol), 2.5% L. davurica extract, 2.5% S. bungeana extract, 
2.5% A. capillaris extract, 5.0% L. davurica extract, 5.0% 
S. bungeana extract, 5.0% A. capillaris extract, 10.0% L. 
davurica extract, 10.0% S. bungeana extract and 10.0% A. 
capillaris extract. Each treatment was replicated three times. 
The pots were organized in a completely randomized design 
(CRD) and placed inside the glasshouse under a relative 
humidity of 60 ± 5%, ambient temperature regimes ranging 
from 16.5 to 22.2 °C, soil temperature ranging from 12.1 to 
16.6 °C, and a day/night cycle of 14/10 h.

Donor Plant Species

Lespedeza davurica, Stipa bungeana, and Artemisia cap-
illaris were used which are the dominant plant species in 
the semi-arid grasslands of northwest China. Lespedeza 
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davurica is a C3 perennial leguminous shrub that contrib-
utes 64.3% of the aboveground biomass. Due to its drought 
resistance and ability to grow in barren areas, it plays an 
important role in maintaining the area's unique natural scen-
eries (Xu et al. 2015). Artemisia capillaris is also a perennial 
plant, which contributes 75.6% of total aboveground bio-
mass production (Hou et al. 2002). Stipa bungeana observed 
higher biomass production and has tolerance for the tram-
pling of livestock (Na et al. 2010).

Receptor Plants

Alfalfa (Medicago sativa L.) and wheat (Triticum aesti-
vum L.) crop seeds were used as receptor species. Healthy 
wheat and alfalfa seeds with regular shape, uniform size, 
and good germination potential were collected. Seeds of 
these species were obtained from the Huanxian grassland 
research station.

The Aqueous Litter Extracts Preparation

Litters of L. davurica, S. bungeana, and A. capillaris were col-
lected from the experimental field of grassland research station 
Huanxian County. After cleaning with distilled water and air 
drying, litter extracts were prepared according to the method 
of Han et al. (2019). Briefly, the grass samples were ground 
and then passed through a mesh. The grounded plant samples 
(100 g) were soaked in 1000 ml of distilled water and shaken 
for 24 h at 25 °C. These aqueous litter extracts were centri-
fuged at 180 r  min−1. The supernatants were filtered through 
a 0.45 μm membrane and 2.5, 5, and 10% aqueous extracts of 
Lespedeza davurica, Stipa bungeana, and Artemisia capillaris 
were prepared. The litter extracts were stored in a refrigerator 
at 4 °C, until usage.

Seed Imbibition

Effects of litter extract from L. davurica, S. bungeana, and 
A. capillaris on seed imbibition were measured in a separate 
petri dish experiment. Thirty seeds of alfalfa and 10 seeds of 
wheat were placed separately in 9-cm Petri dishes with filter 

paper and soaked in aqueous extracts of various concentra-
tions (2.5, 5, and 10%). Simultaneously, distilled water was 
used for the control treatment. The treatments were placed in 
a growth chamber (Westinghouse, Electrolux home products, 
Australia) at 25 °C under dark conditions. Each treatment 
combination was repeated thrice. Based on the differences 
in weight, the seed imbibition was determined at 0, 4, 8, 12, 
16, 20, and 24 h.

Germination Experiment

The seed emergence was monitored over 12 days and the ger-
minated seeds were counted daily. The seedling height was 
determined at two days intervals until the end of the experi-
ment. After 18 days of germination, seedlings were carefully 
removed, and washed. The dry weight (DW) of seedlings was 
determined after oven-drying the samples for 48 h at 75 °C. 
The germination rate, germination potential, and germination 
index were calculated following the procedures of Kamran 
et al. (2021).

where Gt stands for the number of seeds emerging on a given 
day, and Dt stands for the time after setting the seeds for 
germination.

Calculation of the root-to-shoot ratio was based on the dry 
weight of the seedlings using the formula:

����������� ��������� (%)

=
number of seeds germinated on 3rd day

the total numbers of seeds
× 100

����������� ���� (%) =
number of seeds germination

total numbers of seeds
× 100

����������� ����� (��) = Σ

(

Gt

Dt

)

����∕����� ����� =
root dry weight

shoot dry weight

Table 1  Soil physicochemical properties

Measured character Value and units Measured character Value and units

pH 7.6 Soil components Sand (59.44%)
Electrical conductivity (EC) 112.1 us  cm−1 Silt (24.21%)
Cation Exchange Capacity 7.8 cmol  kg−1 Clay (16.13%)
Available N 29.98 mg  kg−1 Soil texture Sandy loam
Available P 1.35 mg  kg−1 Total carbon 8.63 g  kg−1

Available K 172.4 mg  kg−1 Organic carbon 6.65 g  kg−1

Bulk density 1.27 g  cm−3 Microbial carbon 0.143 g  kg−1
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Allelopathy Response Index (RI)

The allelopathic response index (RI), which represents the 
intensity of the allelopathic effect, was calculated using the 
formula described by Williamson and Richardson (1988) 
as follows:

where C represents control data, and T represents treatment 
data. RI > 0 showed that seedling germination or seedling 
growth was promoted.RI < 0 showed an inhibitory effect.

Absolute values of the RI refer to the intensity of 
allelopathy.

The sensitive effect (SE) value is used as an indicator to 
evaluate allelopathy potential effects, and calculated as the 
sum of the corresponding RI of germination, root, and shoot 
biomass (Ma et al. 2020).

Statistical Analysis

All the data in figures and tables are presented as mean ± SE 
(n = 3). The ANOVA analyses were performed using SPSS 
software, version 20.0 (SPSS Inc., Chicago, IL, USA). 
Significant differences among treatments were determined 
according to the Fisher’s least significant difference (LSD) 
test at P < 0.05. All the figures were constructed using Excel 
2010 (Microsoft, USA) and Origin 9.2 software (OriginLab 
OriginPro 2015, USA).

Results

Effects of Grass Aqueous Litter Extracts on Alfalfa 
and Wheat Seed Imbibition

The water uptake by alfalfa seeds was decreased by increas-
ing the concentration of aqueous extracts, with the greatest 
impact caused by A. capillaris extracts. It was observed that 
the seeds imbibed with distilled water absorb more water 
than those treated with S. bungeana and A. capillaris litter 
extracts during the same period (Fig. 1B, C). Initially, S. 
bungeana had a minor effect on alfalfa seed's weight but over 
time, its effects became more evidential and decreased seed 
weight by 14.28, 15.23, 16.55, and 16.11% at 12, 16, 20, and 
24 h, respectively compared to control (Fig. 1B). Similarly, 
the seed weight of alfalfa treated with a high concentration 
of A. capillaris dropped significantly by 16.71, 15.30, 14.28, 
15.61, and 15.23% after 8, 12, 16, 20, and 24 h, respectively 
compared to control (Fig. 1C). On the contrary, the litter 
extracts of A. capillaris and S. bungeana litter did not show 

RI = � − C∕T

any inhibitory effects on the seed weight of wheat. Instead, 
the lower concentration of L. davurica (2.5%) improved the 
seeds' weight by 3.9, 3.82, 3.72% after 16, 20, and 24 h, 
respectively compared to control (Fig. 1A).

Effects of Grass Aqueous Litter Extracts on Alfalfa 
and Wheat Seed Germination

The results indicated that aqueous litter extracts of A. cap-
illaris and S. bungeana significantly (P < 0.05) inhibited 
the seed germination indices of alfalfa at each concen-
tration. Among the three-donor species, the A. capillaris 
aqueous litter extracts showed the greatest allelopathic 
effects on alfalfa, and reduced seed germination potential 
by 26, 47, and 60%, germination rate by 22, 28, and 43%, 
and germination index by 23, 34, and 54% after they were 
exposed to 2.5, 5, and 10% concentrations, respectively 
(Fig. 2). A similar trend was also observed in alfalfa under 
the application of litter extract of S. bungeana that reduced 
seed germination potential by 12, 15, and 39% seed germi-
nation rate by 11, 21, and 32% and seed germination index 
by 7, 20, and 36% with 2.5, 5, and 10% concentration, 
respectively. However, no significant effects of L. davurica 
were observed on germination indices of alfalfa (Fig. 2). 
In addition, our findings indicated that litter extracts of 
all dominant grass species did not show any significant 
(p > 0.05) effect on seed germination indices of wheat at 
all concentrations (Fig. 2). Overall, results revealed that 
alfalfa-grass germination indices were more sensitive than 
wheat crops (Fig. 2).

Effects of Grass Aqueous Litter Extracts on Alfalfa 
and Wheat Seedling Height

Aqueous litter extracts of L. davurica, S. bungeana, 
and A. capillaris inhibited seedling growth of alfalfa. 
Initially, L. davurica had a minimal effect on an alfalfa 
seedling's height but over time, its effects became more 
prominent and decreased seedling height by 16.98, 
22.56, and 30.90% after 14, 16, and 18 days compared to 
control, respectively (Table 2). Similarly, the height of 
alfalfa seedlings dropped significantly by 25.53, 19.81, 
23.76, and 29.69% after 12, 14, 16, and 18 days, respec-
tively as compared to control at high concentration of 
S. bungeana (Table 2). Throughout the experiment, A. 
capillaris litter extract had the strongest inhibition effect 
upon the seedling height of alfalfa, and there was a sig-
nificant (P < 0.05) reduction in height by 44.11, 37.95, 
32.27, 29.24, 30.59, and 34.09% after 8, 10, 12, 14, 16 
and 18  days when compared to control, respectively 
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(Table 2). On the contrary, litter extracts of A. capillaris 
and S. bungeana did not show any inhibitory effects on 
the seedling growth of wheat. Instead, the higher concen-
tration of L. davurica (P < 0.05) enhanced the seedling 
height by 30.81, 19.60, and 8.55% at high concentrations 
after 10, 14, and 16 days, respectively (Table 3).

Effects of Grass Aqueous Litter Extracts on Alfalfa 
and Wheat Biomass

The aboveground biomass of alfalfa was significantly 
(P < 0.05) affected by L. davurica extract as compared to the 
control. The application of L. davurica at 2.5 and 5% con-
centration increased the aboveground biomass by 53.31 and 

Fig. 1  Effects of different aqueous litter extract concentrations (0, 
2.5, 5, and 10%) of three dominant native grass species Lespedeza 
davurica (A), Stipa bungeana (B), and Artemisia capillaris (C) on 

seed imbibition of the target introduced exotic plant species of alfalfa 
and wheat. Values are means ± SE (n = 3). Star * indicate significant 
(P < 0.05) differences between treatments
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41.33% while the highest concentration (10%) did not show 
any significant effect (Fig. 3). However, S. bungeana extract 
significantly decreased the aboveground biomass of alfalfa 
at all concentrations compared to the control treatment. 
It reduced the aboveground biomass by 33.73, 38.92, and 
60.40% at 2.5, 5, and 10% extract concentrations, respec-
tively (Fig. 3). The A. capillaris extract showed variable 
effects at different concentrations, by improving the above-
ground biomass by 31.75% at low concentration (2.5%), 
while significantly reducing the aboveground biomass by 
30.53 and 54.48% at medium (5%) and high concentration 
(10%) compared to control, respectively (Fig. 3).

Belowground biomass of alfalfa was also significantly 
(P < 0.05) affected by L. davurica, S. bungeana, and A. 
capillaris as compared to the control. The application of 
L. davurica at low concentration (2.5%) did not show any 
significant effects but it reduced the belowground biomass 

by 9.76, and 18.03% at 5 and 10% concentration compared 
to control, respectively (Fig. 3). However, S. bungeana and 
A. capillaris showed negative effects on the belowground 
biomass of alfalfa at all concentrations. Application of S. 
bungeana decreased the belowground biomass by 9.76, 
12.01, and 54.12%, while A. capillaris reduced it by 42.84, 
64.09, and 65.45% at 2.5, 5, and 10% concentrations when 
compared to the control treatment, respectively (Fig. 3).

The litter extract of L. davurica at 2.5% concentration 
increased the aboveground biomass of wheat by 30.55%, 
while the other concentrations did not show any significant 
effects (Fig. 3). The S. bungeana litter extracts showed no 
significant effects on wheat aboveground biomass (Fig. 3). 
Similarly, A. capillaris had no significant effect at low con-
centrations but it reduced the wheat aboveground biomass 
by 16.66% at high concentration (10%) as compared with the 
control (Fig. 3). In comparison to control, L. davurica and S. 

Fig. 2  Effects of different 
aqueous litter extract concen-
trations (0, 2.5, 5 and 10%) of 
three dominant native grass 
species Lespedeza davurica, 
Stipa bungeana, and Artemisia 
capillaris on seed germination 
potential (GP), germination 
rate (GR), and germination 
index (GI) of the target intro-
duced exotic plant species of 
alfalfa and wheat. Values are 
means ± SE (n = 3). Differ-
ent letters indicate significant 
(P < 0.05) differences between 
treatments
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bungeana donor species improved wheat belowground bio-
mass but A. capillaris did not show any significant results. 
The results showed that L. davurica at all concentrations 
significantly (P < 0.005) improved the belowground biomass 
by 100, 125, and 150% at 2.5, 5, and 10% concentrations 
respectively compared with control (Fig. 3). S. bungeana 
significantly improved belowground biomass only at low 
concentrations by 172 and 75% at 2.5 and 5% concentra-
tions respectively but did not show any improvement at high 
concentrations when compared to control (Fig. 3).

Effects of Grass Aqueous Litter Extracts 
on the Root‑to‑Shoot Ratio of Alfalfa and Wheat

Applications of L. davurica at low concentrations (2.5 
and 5%) and A. capillaris litter extract at all concentra-
tions significantly (P < 0.05) inhibited the root-to-shoot 
ratio of alfalfa as compared to the control. Meanwhile, S. 
bungeana significantly improved the root-to-shoot ratio 
by 35.83, 43.75, 15.41% at 2.5, 5, and 10% concentra-
tions, respectively (Fig. 4). Contrariwise, A. capillaris 
extracts significantly decreased the root-to-shoot ratio 
(56.66, 48.33, 24.16%) at all concentrations (2.5, 5, and 
10%) respectively, while application of L. davurica extracts 

significantly reduced the root-to-shoot ratio only at low 
concentrations 2.5 and 5%, by 34.16, and 36.66%, respec-
tively, while did not show any effect at high concentra-
tion (Fig. 4). In addition, the data showed that the root-to-
shoot ratio of wheat was significantly (P < 0.05) increased 
with the application of L. davurica and S. bungeana litter 
extracts as compared to the control treatment. The L. davu-
rica significantly improved the root-to-shoot ratio by 55.63, 
124.81, and 181.95% at 2.5, 5, and 10% concentrations, 
respectively (Fig. 4). Similarly, our results indicated that S. 
bungeana litter extracts at concentrations 2.5, 5, and 10% 
significantly improved the root-to-shoot ratio by 175.18, 
89.47, and 36.84, respectively compared with control 
(Fig. 4). The litter extract of A. capillaris at all concentra-
tions did not show any inhibitory or regulatory effects on 
root-to-shoot ratios of wheat crop (Fig. 4).

Allelopathy Response Index (RI)

The litter extract from L. davurica grass showed the weakest 
sensitive effect while S. bungeana and A. capillaris aque-
ous litter extracts at concentrations of 2.5, 5, and 10% were 
negative and had inhibition effects on alfalfa germination 
and seedling growth (Table 4). Meanwhile, the response of 
wheat aqueous litter extracts of L. davurica, S. bungeana, 

Table 2  Effects of different aqueous litter extract concentrations (0, 2.5, 5, and 10%) of three dominant native grass species Lespedeza davurica, 
Stipa bungeana, and Artemisia capillaris on seedling height (cm) of the target introduced exotic plants alfalfa. Values are means ± SE (n = 3)

Different letters and * indicate significant (P < 0.05) differences between treatments according to Fisher’s least significant difference (LSD) test. 
Ns indicates no significant results

Day after germination seedling height alfalfa (cm)

Doner species Concentration
(%)

4 6 8 10 12 14 16 18

Lespedeza 
davurica

CK 1.35 ± 0.06a 2.11 ± 0.15a 3.36 ± 0.08a 3.82 ± 0.06a 4.5 ± 0.18a 5.30 ± 0.03a 5.85 ± 0.17a 6.6 ± 0.14a

2.5 1.32 ± 0.03a 1.85 ± 0.12a 3.32 ± 0.20a 3.70 ± 0.11a 4.5 ± 0.05a 5.17 ± 0.16a 5.6 ± 0.15a 5.8 ± 0.15b

5 1.23 ± 0.03a 1.78 ± 0.05a 3.26 ± 0.14a 3.49 ± 0.15a 4.4 ± 0.13a 4.86 ± 0.17ab 5.09 ± 0.36ab 5.42 ±  021b

10 1.13 ± 0.08a 1.7 ± 0.15a 3.1 ± 0.06a 3.38 ± 0.30a 4.2 ± 0.20a 4.4 ± 0.30b 4.53 ±  023b 4.56 ± 0.29c

SEM 0.0379 0.0690 0.0679 0.0885 0.0595 0.1371 0.1860 0.2372
P ns ns ns ns ns * * *

Stipa 
bungeana

CK 1.24 ± 0.03a 2.11 ± 0.15a 2.7 ± 0.11a 3.3 ± 0.11a 4.7 ± 0.18a 5.30 ± 0.03a 5.85 ± 0.17a 6.6 ± 0.14a

2.5 1.16 ± 0.08a 1.66 ± 0.12a 2.6 ± 0.05a 3.3 ± 0.52a 4.24 ± 0.03b 5.08 ± 0.23ab 4.95 ± 0.18b 5.65 ± 0.28b

5 1.12 ± 0.05a 1.58 ± 0.12a 2.5 ± 0.11a 3.1 ± 0.18a 3.7 ± 0.03c 4.69 ± 0.15bc 4.90 ± 0.05b 5.21 ± 0.32bc

10 1.05 ± 0.03a 1.55 ± 0.17a 2.5 ± 0.18a 3.1 ± 0.21a 3.5 ± 0.11c 4.25 ± 0.14c 4.46 ±  017b 4.64 ± 0.20c

SE 0.0345 0.0894 0.0607 0.1320 0.1512 0.1397 0.1668 0.2401
P ns ns ns ns * * * *

Artemisia 
capillaris

CK 1.2 ± 0.03a 1.6 ± 0.08a 3.4 ± 0.08a 3.82 ±  006a 4.74 ±  018a 5.30 ± 0.03a 5.85 ± 0.17a 6.6 ± 0.14a

2.5 1.2 ± 0.08a 1.5 ± 0.05a 2.32 ± 0.14b 3.14 ± 0.12b 4.14 ±  021a 4.84 ± 0.12b 4.62 ± 0.20b 5.22 ± 0.23b

5 1.1 ± 0.03a 1.4 ± 0.14a 2.0 ± 0.08Bc 2.56 ± 0.17c 3.48 ± 0.20b 4.2 ± 0.15c 4.53 ± 0.17b 4.72 ±  027bc

10 1.1 ± 0.12a 1.4 0.12a 1.9 ± 0.11c 2.37 ± 0.17c 3.21 ± 0.17b 3.75 ± 0.14d 4.06 ± 0.20b 4.35 ± 0.29c

SE 0.0272 0.0556 0.1792 0.1812 0.1986 0.1864 0.2157 0.27761
P ns ns * * * * * *
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and A. capillaris is presented in (Table 5). The data revealed 
that the aqueous litter extracts of L. davurica, at low con-
centrations of 2.5 to 5% were positive and had promotional 
effects, while A. capillaris extracts at all tested concentra-
tions inhibited germination, aboveground and belowground 
biomass, whereas, S. bungeana showed inhibition effects 
only at high concentrations. These results suggested that 
wheat is more insensitive to aqueous litter extracts as com-
pared to alfalfa (Table 5).

Discussion

Allelopathy is an important mechanism of interference in 
which one plant releases bioactive compounds into the sur-
rounding environment that affect the growth of neighbor-
ing plants, and the majority of plants can attain a dominat-
ing position through allelopathic effects (Latif et al. 2017). 
Seed imbibition is an important phase of seed germination 
(Wang et  al. 2011). With some exceptions (Chon et  al. 
2004), the impact of allelochemicals on seed imbibition is 
rarely addressed in allelopathic studies. Results from the 
present study indicated a decrease in water uptake by alfalfa 
seeds with increasing concentration of aqueous extracts, 

suggesting the negative impact of S. bungeana and A. cap-
illaris allelopathy on seed imbibition. A similar trend of 
changes was observed regarding water uptake of receptor 
plant species that suggested the inhibition of water uptake 
by allelopathic species (Han et al. 2008). Further, the inhib-
itory effect of allelochemicals from black mustard leaves 
was investigated, and increasing its concentration signifi-
cantly inhibited water uptake by wild barley seeds (Tawaha 
and Turk 2003). In the present study, the litter extract of L. 
davurica at a low concentration significantly improved the 
wheat seeds' weight as compared to the controlled group. In 
general, it is assumed that physiologically active substances 
activated the embryo and other associated structures, which 
led to increased water absorption due to elasticity in the 
cell walls (Kamaraj and Padmavathi 2012; Renugadevi et al. 
2008).

The seed germination potential of a plant depends on 
the speed and uniformity of seed germination (Kamran 
et al. 2021). The germination rate is dependent on sur-
vival rate and population density, while the germination 
index generally reflects the receptor plant seeds’ germina-
tion process (Siri-Udom et al. 2017). Our results portrayed 
that the S. bungeana and A. capillaris extracts significantly 
inhibited the seeds germination potential, seed germination 

Table 3  Effects of different aqueous litter extract concentrations (0, 2.5, 5, and 10%) of three dominant native grass species Lespedeza davurica, 
Stipa bungeana, and Artemisia capillaris on seedling height (cm) of the target introduced exotic plants Wheat. Values are means ± SE (n = 3)

Different letters and * indicate significant (P < 0.05) differences between treatments according to Fisher’s least significant difference (LSD) test. 
Ns indicates no significant results

Day after germination seedling height wheat (cm)

Doner spe-
cies

Con-
centra-
tion
(%)

4 6 8 10 12 14 16 18

Lespedeza 
davurica

CK 3.13 ± 0.56b 5.99 ± 0.67a 8.59 ± 0.87a 10.87 ± 0.88b 14.70 ± 1.14a 18.06 ± 0.69b 22.06 ± 0.59a 24.44 ± 0.60b

2.5 4.60 ± 0.22a 7.82 ± 0.41a 10.72 ± 0.45a 13.35 ± 0.11a 17.32 ± 0.38a 20.74 ± 0.56a 23.17 ± 0.36a 25.53 ± 0.49ab

5 5.39 ± 0.26a 7.86 ± 1.06a 10.22 ± 1.41a 13.90 ± 0.44a 17.37 ± 0.97a 20.77 ± 0.68a 22.83 ± 0.77a 25.36 ± 0.15ab

10 4.96 ± 0.08a 7.37 ± 0.99a 10.38 ± 0.65a 14.22 ± 0.22a 17.46 ± 1.02a 21.60 ± 0.14a 22.65 ± 1.84a 26.53 ± 0.13a

SE 0.3156 0.4198 0.4648 0.4228 0.5285 0.4619 0.3110 0.2730
P * ns ns * ns * ns *

Stipa 
bungeana

CK 3.13 ± 0.56a 5.99 ± 0.67a 8.59 ± 0.87a 10.87 ± 0.88a 14.70 ± 1.14a 18.06 ± 0.69a 22.06 ± 0.59a 24.44 ± 0.60a

2.5 3.58 ± 0.09a 6.48 ± 1.08a 9.36 ± 1.08a 11.74 ± 1.12a 15.46 ± 0.83a 18.62 ± 0.72a 22.07 ± 0.46a 24.60 ± 0.38a

5 3.71 ± 1.04a 6.62 ± 1.14a 8.98 ± 0.83a 11.14 ± 1.09a 14.94 ± 1.22a 17.50 ± 1.20a 20.82 ± 1.06a 23.74 ± 0.48a

10 4.06 ± 0.62a 7.16 ± 0.92a 9.84 ± 1.03a 12.22 ± 1.32a 15.74 ± 0.47a 18.91 ± 0.72a 20.97 ± 0.83a 24.41 ± 0.99a

SE 0.3054 0.4329 0.4321 0.5023 0.4311 0.3993 0.3729 0.29622
P ns ns ns ns ns ns ns ns

Artemisia 
capillaris

CK 3.13 ± 0.56a 5.99 ± 0.67a 5.59 ± 0.87a 10.87 ± 0.88a 14.70 ± 1.14a 18.06 ± 0.69a 22.06 ± 0.59a 24.44 ± 0.60a

2.5 4.62 ± 0.28a 8.17 ± 0.09a 11.16 ± 0.47a 13.62 ± 0.39a 18.12 ± 0.76a 21.24 ± 1.03a 23.04 ± 1.41a 25.06 ± 0.66a

5 3.01 ± 1.35a 5.24 ± 2.43a 10.07 ± 2.08a 11.35 ± 2.75a 15.36 ± 3.17a 18.25 ± 3.53a 20.54 ± 3.02a 22.44 ± 3.27a

10 4.29 ± 0.42a 7.27 ± 1.02a 9.91 ± 0.70a 12.18 ± 0.27a 15.59 ± 0.19a 19.18 ± 0.46a 21.27 ± 0.32a 24.41 ± 0.73a

SE 0.3931 0.6751 0.5857 0.7034 0.8368 0.8931 0.7786 0.8023
P ns ns ns ns ns ns ns ns
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percentage, and seed germination index of alfalfa and the 
inhibitory effects of the extracts increased with increasing 
concentrations. These results are consistent with results 
from a previous study that reported the inhibition of barley 
seeds by Artemisia annua aqueous extracts (Salman et al. 
2017). The inhibition effects of these extracts on germina-
tion could be attributed to the presence of water-soluble 
inhibitory allelochemicals affecting the physiological 
processes of receptor plants (Dai et al. 2021; Knudsmark 
Jessing et al. 2014; Tian et al. 2020). For an instant, phy-
totoxins found in Artemisia species are known to be or can 

be converted into germination-inhibitory chemicals (Wei 
et al. 2020). Moreover, various components such as chlo-
rogenic acid, luteolin, gallic acid, p-coumaric, β-pinene, 
and γ-curcumene identified in A. capillaris (Jung et al. 
2012; Nigam et al. 2019; Vokou et al. 2003; Won 2009), 
several flavonoids (quercetin, epicatechin, and rutin) iso-
lated from L. davurica (Xu et al. 2010) are known to have 
inhibitive effects on membrane permeability, mitochon-
drial respiration, protein synthesis, and enzymatic activi-
ties and therefore, might be responsible for delaying the 
seed germination (Chowhan et al. 2013; Ertani et al. 2016; 

Fig. 3  Effects of different 
aqueous litter extract concen-
trations (0, 2.5, 5, and 10%) 
of three dominant native grass 
species Lespedeza davurica, 
Stipa bungeana, and Artemisia 
capillaris on aboveground, 
and belowground biomass of 
the target introduced exotic 
plant species of alfalfa and 
wheat. Values are means ± SE 
(n = 3). Different letters indicate 
significant (P < 0.05) differences 
between treatments
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Ferreira and Aquila 2000; Jmii et al. 2020; Kato-Noguchi 
et al. 2010; Ozaki and Kato-Noguchi 2016). Moreover, 
an indirect consequence of allelopathic inhibition of ger-
mination due to reduced water uptake (Tawaha and Turk 
2003). The allelopathic effect of A. capillaris extracts was 

stronger than that of S. bungeana. However, there was very 
little or no inhibition effect of S. bungeana and A. capil-
laris extracts on seed germination of wheat. Previously, 
some studies have reported that the metabolic systems 
in plants are disrupted only when the concentration of 

Fig. 4  Effects of different 
aqueous litter extract concentra-
tions (0, 2.5, 5, and 10%) of 
three dominants native grass 
species Lespedeza davurica, 
Stipa bungeana, and Artemisia 
capillaris on Root/shoot ratio 
of the target introduced exotic 
plant species of alfalfa and 
wheat. Values are means ± SE 
(n = 3). Different letters indicate 
significant (P < 0.05) differences 
between treatments

Table 4  Effects of different 
aqueous litter extract 
concentrations (2.5, 5, and 10%) 
of three dominant native grass 
species Lespedeza davurica, 
Stipa bungeana, and Artemisia 
capillaris on response index 
(RI) of the target introduced 
exotic plants of alfalfa

The positive values indicate promotion effects and negative values indicate inhibition effects

Doner species Concentra-
tion (%)

Response index (RI) Sensitive 
effect (SE)

Germination rate Aboveground 
biomass

Belowground 
biomass

Lespedeza davurica 2.5  − 0.04 0.35 0.01 0.31
5  − 0.04 0.29  − 0.12 0.13
10  − 0.04  − 0.13  − 0.22  − 0.39

Stipa bungeana 2.5  − 0.13  − 0.34  − 0.11  − 0.58
5  − 0.27  − 0.33  − 0.14  − 0.74
10  − 0.49  − 0.82  − 1.19  − 2.50

Artemisia capillaris 2.5  − 0.29 0.24  − 0.76  − 0.81
5  − 0.41  − 0.45  − 1.79  − 2.64
10  − 0.78  − 1.21  − 1.90  − 3.89
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extracts reaches a certain level (Kato-Noguchi et al. 2017). 
Therefore, we conclude that the difference in the inhibi-
tion effects might be related to the tolerance mechanism of 
plants, and hence, alfalfa was more sensitive to the applied 
extracts compared to wheat. These findings are in agree-
ment with those of Zhang et al. (2017) who reported dif-
ferential effects of extracts tested on various plant species.

Seedling height is one of the most important indica-
tors to study the effects of the liquid extract on the seed-
ling growth of recipient species. A significant reduction 
in plant growth, in terms of shoot length, was evident 
in the present study. The decrease in shoot length of the 
alfalfa seedlings was directly proportional to the increase 
in the concentration of allelopathic plant extracts used in 
the experiment. The shoot length of alfalfa was inhibited 
by the L. davurica, S. bungeana, and A. capillaris litter 
extracts in a concentration-dependent manner. A. capil-
laris extract was most effective in suppressing the shoot 
growth of alfalfa. Similar effects inhibitive effects on shoot 
length of wheat and field mustard were previously reported 
after treating with Artemisia species extracts (Mallik et al. 
2015). Shoot elongation of the lettuce plant was found to 
be inhibited by the application of Artemisinin extracts in 
a dose-dependent manner (Yan et al. 2015). The growth 
inhibition of target species with A. capillaris might be the 
result of the presence of bioactive compounds like neo-
chlorogenic acid, 7-hydroxycoumarin, ursolic acid, and 
caffeic acid (Nigam et al. 2019). Previously, the detrimen-
tal effects of these compounds on different crops have been 
reported by various studies (Ladhari et al. 2018; Rawat 
et al. 2013; Selvi and Kadamban 2009). The defense mech-
anism of the wheat crop is considered to be more robust 
than that of alfalfa as a receptor plant. In the present inves-
tigation, the litter extract of L. davurica at a high concen-
tration significantly improved the wheat seedling height as 
compared to the controlled group. We hypothesize that lit-
ter extracts of L. davurica contain complex carbohydrates 

as well as unknown diffusible allelochemicals that might 
have stimulated the response of wheat seedlings, lead-
ing to higher shoot lengths. Previously, researchers have 
observed that rice hull extracts promoted the growth of dif-
ferent plants, including wheat, by stimulating their shoot 
length (Seyyednejad et  al. 2010). The primary effects 
of allelochemicals include altering the permeability of 
the plant cell membrane, which may result in secondary 
effects, such as changes in water and mineral absorption 
potentials, pH variations, mutations of enzymes resulting 
either in stimulatory or inhibitory effects (Barkosky et al. 
2000; Gatti et al. 2010; Majeed et al. 2012). In response 
to allopathic stress, carbohydrates and protein contents of 
the target plant build up more proline as a stress indicator; 
consequently, plant growth is either enhanced or inhibited 
(Al-Johani et al. 2012; Batish et al. 2007).

Among the allopathy effects, inhibition of plant biomass 
is one of the major constraints. The present study revealed 
both positive and negative allelochemical impacts upon 
introduced species. Previous studies have shown that low 
concentrations of few extracts show positive interaction and 
promote growth; meanwhile, higher concentrations resist 
the growth of recipient species (Arowosegbe and Afolayan 
2013; Wang et al. 2018). The application of L. davurica 
litter extract at low concentrations significantly improved 
alfalfa aboveground biomass but inhibited belowground bio-
mass at high concentrations compared to control treatment. 
On the other hand, S. bungeana litter extracts decreased 
the above and belowground biomass at all concentrations, 
while A. capillaris showed positive effects at low concen-
trations on aboveground biomass, but had inhibitive effects 
at high concentrations on above- and belowground biomass 
of alfalfa when compared to control. We conclude that dif-
ferent concentrations of the plant aqueous extract have dif-
ferent influences on the growth behavior of the same plant 
species. Previously, Yuan and Hou have also reported that 
the allelochemicals inhibitive effects greatly depend on the 

Table 5  Effects of different 
aqueous litter extract 
concentrations (2.5, 5, and 10%) 
of three dominant native grass 
species Lespedeza davurica, 
Stipa bungeana, and Artemisia 
capillaris on response index 
(RI) of the target introduced 
exotic plants of wheat

The positive values indicate promotion effects and negative values indicate inhibition effects

Doner species Concentra-
tion (%)

Response index (RI) Sensitive 
effect (SE)

Germination rate Aboveground 
biomass

Belowground 
biomass

Lespedeza davurica 2.5 0.09 0.23 0.50 0.81
5 0.09 0.00 0.56 0.65
10  − 0.06  − 0.13 0.60 0.41

Stipa bungeana 2.5 0.03  − 0.01 0.63 0.65
5 0.00  − 0.08 0.43 0.34
10  − 0.06  − 0.14 0.17  − 0.03

Artemisia capillaris 2.5  − 0.06  − 0.06  − 0.03  − 0.15
5  − 0.14  − 0.01  − 0.06  − 0.20
10  − 0.18  − 0.20  − 0.11  − 0.49
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concentration of the extract (Yuan and Hou 2010). Similarly, 
fresh and dry weights of Plantago ovate were both reduced 
after treatment with A. annua extract (Moussavi-Nik et al. 
2011). Several plant species produce allelochemicals that 
reduce the quantum efficiency of photosystem II, resulting 
in a reduction of photosynthesis assimilation (Colom and 
Vazzana 2003). In the present study, the application of S. 
bungeana and A. capillaris litter extracts could be attrib-
uted to their inhibitive effects on reducing the photosynthetic 
activity of alfalfa seedlings. Root growth (belowground bio-
mass) was more sensitive to allelochemicals present in A. 
capillaris litter extract than shoot growth (aboveground bio-
mass), which was also confirmed by a previous study (Khan 
and Kato-Noguchi 2016). In another study, Achillea bieber-
steinii (Asteraceae) extract significantly reduced the rate of 
root growth compared to pepper shoot growth (Abu-Rom-
man 2011). In plants, the root system is most sensitive to 
allelochemicals, which is the result of direct contact between 
the root system and toxic phytochemicals and due to the 
high permeability of root tissues (Abd El-Gawad 2016; Abu-
Romman and Ammari 2015; Nishida et al. 2005). However, 
wheat aboveground dry biomass was significantly improved 
when it was treated with L. davurica litter extract at low 
concentrations, meanwhile; a gradual increase in the below-
ground biomass with increased concentrations of L. davu-
rica extracts was observed. At the same time, S. bungeana 
did not show any significant effects on wheat aboveground 
biomass but significantly improved belowground biomass 
of wheat at low concentrations. These results are consist-
ent with the findings of Hozayn et al. (2015), who carried 
out pot and field experiments to investigate the allelopathic 
effects of Casuarina equisetifolia leaf litter and observed an 
improving effect on the growth of wheat. Similarly, (Brock-
man and Brennan 2017), established that foliar applica-
tion of moringa leaf extract increased some morphologi-
cal growth parameters of wheat crop. Musyimi and Uzoma 
(Musyimi et al. 2015; Uzoma et al. 2019) suggested that the 
stimulatory effect on the morphological growth parameters 
corresponded to an increase in total chlorophyll and phenolic 
content.

The root/shoot ratio is a very reliable indicator of mor-
phological, physiological, and biochemical changes in devel-
oping seedlings. In the present investigation, it was found 
that L. davurica, at low concentrations while A. capillaris at 
all concentrations significantly decreased the root/shoot ratio 
of alfalfa as compared to control. The correlation analysis 
also showed that the reduction in root/shoot ratio was the 
result of inhibition of root dry biomass production rather 
than shoot dry biomass (Zohaib et al. 2018). The possible 
reason might be the direct contact of roots with allelopathic 
leachates resulting in inhibition of root length. The retarded 
root system restricted the ability of the individual plants to 
compete for underground resources such as water, reducing 

above-ground growth (Merrill et al. 2002). The decreased 
values of root/shoot ratios were also reported in two different 
varieties of rice due to aqueous extracts of Ageratum Bor-
reria (Gogoi et al. 2002). In the present study, higher values 
of root/shoot ratios were observed in wheat when treaded 
with aqueous litter extracts of L. davurica, and S. bungeana 
as compared to control. A similar trend was noticed in seed-
lings of Sorghum bicolor L. and Cenchrus americanus L. 
when treated with extracts of aspidium rhizomes (Bhalerao 
et al. 2000). Another study also investigated that, aqueous 
extracts of sterile oat, and aleppo grass strongly affected 
seedling growth parameters especially the root/shoot ratio of 
common purslane and alfalfa (Othman et al. 2018). Several 
physiological and metabolic alterations take place due to 
allelochemicals (D’Abrosca et al. 2013), such as phenolics, 
terpenoids, and organic acids, are or can be converted into 
inhibitory compounds (Wei et al. 2020). A. capillaris major 
components identified, acenaphthylene (37.91%), 4-carene 
(10.61%), β-pinene (12.08%), and γ-curcumene (9.92%), 
that could lead to positive or negative interactions (Vokou 
et al. 2003). Flavonoids (kaempferol, tamarixetin, luteolin, 
quercetine, epicatechin, trifolin, isoorientin, and rutin) were 
isolated from L. davurica (Xu et al. 2010).

Conclusion

In summary, our results demonstrated that previous pasture 
residues inhibit the establishment of introduced exotic plant 
species by exerting allelopathic effects, the potential of alle-
lochemicals varied from one species to another depending 
on the concentration of the aqueous extract. The wheat ger-
mination indices were more resistant to allelopathic chemi-
cals at all concentrations in comparison to alfalfa. Among all 
donor plant species, Artemisia capillaris and Stipa bungeana 
showed the most inhibitive effects on seed imbibition, ger-
mination, and morphological indices of alfalfa. So, introduc-
ing exotic crops to grassland previously cultivated with Arte-
misia capillaris and Stipa bungeana should be observed for 
their impacts on the proceeding crops. This study provides 
a basis for establishing and managing cultivated grasslands 
for future food stability and economic development.

Acknowledgements This work was supported by The Project of the 
program for Changjiang Scholars and Innovative Research Team in 
University (IRT17R50), the Second Tibetan Plateau Scientific Expe-
dition (2019QZKK0302), the Strategic Priority Research Program of 
Chinese Academy of Sciences (XDA2010010203), National Natural 
Science Foundation of China (31672472, RFIS- 32150410361).

Author Contributions FH conceived and designed the experiment. 
MUG and YH performed the experiments. MT contributed to reagents/
materials/analysis tools. MUG wrote the manuscript. MK assisted in 
data analysis and English language revision. All authors read and 
approved the final manuscript.



 Journal of Plant Growth Regulation

1 3

Declarations 

Conflict of interest On behalf of all authors, the corresponding author 
states that there is no conflict of interest.

References

Abd El-Gawad AM (2016) Chemical constituents, antioxidant and 
potential allelopathic effect of the essential oil from the aerial 
parts of Cullen plicata. Ind Crops Prod 80:36–41

Abu-Romman S (2011) Allelopathic potential of Achillea biebersteinii 
Afan. (Asteraceae). World Appl Sci J 15:947–952

Abu-Romman S, Ammari T (2015) Allelopathic effect of Arundo 
donax, a mediterranean invasive grass. Plant Omics 8:287–291

Adomako MO, Ning L, Tang M et al (2019) Diversity- and density-
mediated allelopathic effects of resident plant communities on 
invasion by an exotic plant. Plant Soil 440:581–592

Al-Johani NS, Aytah AA, Boutraa T (2012) Allelopathic impact 
of two weeds, Chenopodium murale and Malva parviflora on 
growth and photosynthesis of barley (Hordeum vulgare L.). 
Pak J Bot 44:1865–1872

Ali B, Hasan SA, Hayat S et al (2008) A role for brassinosteroids 
in the amelioration of aluminium stress through antioxidant 
system in mung bean (Vigna radiata L. Wilczek). Environ Exp 
Bot 62:153–159

Arowosegbe S, Afolayan AJ (2013) Germination and growth inhibi-
tory effects of aqueous extracts of different parts of Bidens 
pilosa L. var radiata on some vegetable crops. Bull Pure Appl 
Sci 32:11–20

Bajwa AA, Nawaz A, Farooq M (2020) Allelopathic crop water 
extracts application improves the wheat productivity under 
low and high fertilizer inputs in a semi-arid environment. Int 
J Plant Prod 14:23–35

Barkosky RR, Einhellig FA, Butler JL (2000) Caffeic acid-induced 
changes in plant-water relationships and photosynthesis in 
leafy spurge Euphorbia esula. J Chem Ecol 26:2095–2109

Batish DR, Lavanya K, Singh HP, Kohli RK (2007) Phenolic allelo-
chemicals released by Chenopodium murale affect the growth, 
nodulation and macromolecule content in chickpea and pea. 
Plant Growth Regul 51:119–128

Belnap J, Ludwig JA, Wilcox BP et al (2012) Introduced and invasive 
species in novel rangeland ecosystems: friends or foes? Rangel 
Ecol Manag 65:569–578

Bhalerao EB, Laware SL, Vaidya RR, Dhumal KN (2000) Effect 
of Aspidium cicutarium rhizome extracts on seed germination 
and seedling growth of jowar and bajra. J Med Arom Plant Sci 
22:499–501

Blackburn TM, Essl F, Evans T et al (2014) A unified classification 
of alien species based on the magnitude of their environmen-
tal impacts. PLoS Biol. https:// doi. org/ 10. 1371/ journ al. pbio. 
10018 50

Blindow I, Dahlke S, Dewart A et al (2016) Long-term and interan-
nual changes of submerged macrophytes and their associated 
diaspore reservoir in a shallow southern Baltic Sea bay: influ-
ence of eutrophication and climate. Hydrobiologia 778:121–
136. https:// doi. org/ 10. 1007/ s10750- 016- 2655-4

Brockman HG, Brennan RF (2017) The effect of foliar application 
of Moringa leaf extract on biomass, grain yield of wheat and 
applied nutrient efficiency. J Plant Nutr 40:2728–2736

Cheema ZA, Khaliq A, Hussain R (2003) Reducing herbicide rate 
in combination with allelopathic sorgaab for weed control in 
cotton. Int J Agric Biol 5:1–6

Cheng F, Cheng Z (2015) Research progress on the use of plant 
allelopathy in agriculture and the physiological and ecological 
mechanisms of allelopathy. Front Plant Sci 6:1020

Chon S-U, Nelson CJ, Coutts JH (2004) Osmotic and autotoxic 
effects of leaf extracts on germination and seedling growth of 
alfalfa. Agron J 96:1673–1679

Chowhan N, Singh HP, Batish DR et al (2013) β-Pinene inhibited 
germination and early growth involves membrane peroxidation. 
Protoplasma 250:691–700

Colom M, Vazzana C (2003) Photosynthesis and PSII functionality 
of drought-resistant and drought-sensitive weeping lovegrass 
plants. Environ Exp Bot 49:135–144

Cummings JA, Parker IM, Gilbert GS (2012) Allelopathy: a tool 
for weed management in forest restoration. Plant Ecol 
213:1975–1989

D’Abrosca B, Scognamiglio M, Fiumano V et al (2013) Plant bioas-
say to assess the effects of allelochemicals on the metabolome 
of the target species Aegilops geniculata by an NMR-based 
approach. Phytochemistry 93:27–40

Dai Y, Dou Z, Zhou R et al (2021) Quality evaluation of Artemisia 
capillaris Thunb. Based on qualitative analysis of the HPLC 
fingerprint and UFLC-Q-TOF-MS/MS combined with quan-
titative analysis of multicomponents. J Anal Methods Chem 
2021:5546446

Dodet M, Collet C (2012) When should exotic forest plantation tree 
species be considered as an invasive threat and how should we 
treat them? Biol Invasions 14:1765–1778

Ertani A, Pizzeghello D, Francioso O et al (2016) Biological activ-
ity of vegetal extracts containing phenols on plant metabolism. 
Molecules 21:1–14

Farooq M, Ali Ahsan B, Sardar AC, Zahid AC (2013) Application of 
allelopathy in crop production related papers. Int J Agric Biol 
15:1367–1378

Farooq M, Jabran K, Cheema ZA et al (2011) The role of allelopathy 
in agricultural pest management. Pest Manag Sci 67:493–506

Feng R, Long R, Shang Z et al (2010) Establishment of Elymus natans 
improves soil quality of a heavily degraded alpine meadow in 
Qinghai-Tibetan Plateau, China. Plant Soil 327:403–411

Ferreira AG, Aquila MEA (2000) Alellopathy: an emerging topic in 
ecophysiology. Rev Bras Fisiol Veg 12:175–204

Field B, Jordán F, Osbourn A (2006) First encounters—deployment of 
defence-related natural products by plants. New Phytol 172:193–
207. https:// doi. org/ 10. 1111/j. 1469- 8137. 2006. 01863.x

Fujii Y, Furubayashi A, Hiradate S (2005) Rhizosphere soil method: 
a new bioassay to evaluate allelopathy in the field. In: Proc 4th 
World Congr Allelopath Establ Sci Base 21–26

Gatti AB, Ferreira AG, Arduin M, Perez SCG (2010) Allelopathic 
effects of aqueous extracts of Artistolochia esperanzae O.Kuntze 
on development of Sesamum indicum L. seedlings. Acta Bot Bra-
silica 24:454–461. https:// doi. org/ 10. 1590/ S0102- 33062 01000 
02000 16

Gogoi B, Das K, Baruah KK (2002) Allelopathic effects of some weeds 
on growth and yield of direct seeded upland rice (Oryza sativa 
L.). Indian J Plant Physiol 7:119–123

Han C-M, Pan K-W, Wu N et al (2008) Allelopathic effect of ginger 
on seed germination and seedling growth of soybean and chive. 
Sci Hortic 116:330–336

Han R, Dai H, Skuza L et al (2019) Stem aqueous extracts of accumula-
tor Bidens tripartita L. strongly promoted Solanum nigrum L. Cd 
Hyperaccumulation Soil Plant Soil 443:401–411

Han X, Cheng Z, Meng H et al (2013) Allelopathic effect of decom-
posed garlic (Allium sativum L.) stalk on lettuce (L. sativa var. 
crispa L.). Pak J Bot 45:225–233

Hou F, Xiao J, Nan Z (2002) Eco-restoration of abandoned farmland 
in the Loess Plateau. Chin J Appl Ecol 13:923–929

https://doi.org/10.1371/journal.pbio.1001850
https://doi.org/10.1371/journal.pbio.1001850
https://doi.org/10.1007/s10750-016-2655-4
https://doi.org/10.1111/j.1469-8137.2006.01863.x
https://doi.org/10.1590/S0102-33062010000200016
https://doi.org/10.1590/S0102-33062010000200016


Journal of Plant Growth Regulation 

1 3

Hozayn M, El Shahawy TA, Abd EMAA et al (2015) Allelopathic 
effect of Casuarina equisetifolia L. on wheat, associated weeds 
and nutrient content in the soil. Afr J Agric Res 10:1675–1683

Iqbal J, Cheema ZA, Mushtaq MN (2009) Allelopathic crop water 
extracts reduce the herbicide dose for weed control in cotton 
(Gossypium hirsutum). Int J Agric Biol 11:360–366

Jabran K, Mahajan G, Sardana V, Chauhan BS (2015) Allelopathy for 
weed control in agricultural systems. Crop Prot 72:57–65

Jmii G, Khadhri A, Haouala R (2020) Thapsia garganica allelopathic 
potentialities explored for lettuce growth enhancement and asso-
ciated weed control. Sci Hortic 262:109068

Jung HA, Park JJ, Islam MN et al (2012) Inhibitory activity of cou-
marins from Artemisia capillaris against advanced glycation 
endproduct formation. Arch Pharm Res 35:1021–1035

Kamaraj A, Padmavathi S (2012) Effect of seed enhancement treat-
ment using leaf extract on physiological and morphological 
characteristics of green gram (Vigna radiate L.). Int J Curr 
Res 4:110–114

Kamran M, Wang D, Xie K, Lu Y, Shi C, Sabagh AE, Gu W, Xu P 
(2021) Pre-sowing seed treatment with kinetin and calcium 
mitigates salt induced inhibition of seed germination and seed-
ling growth of choysum (Brassica rapa var. parachinensis). 
Ecotoxicol Environ Saf 227:112921

Kato-Noguchi H, Macías FA, Molinillo JMG (2010) Structure-activ-
ity relationship of benzoxazinones and related compounds with 
respect to the growth inhibition and α-amylase activity in cress 
seedlings. J Plant Physiol 167:1221–1225

Kato-Noguchi H, Kimura F, Ohno O, Suenaga K (2017) Involvement 
of allelopathy in inhibition of understory growth in red pine 
forests. J Plant Physiol 218:66–73

Kegge W, Pierik R (2010) Biogenic volatile organic compounds and 
plant competition. Trends Plant Sci 15:126–132

Khaliq A, Aslam Z, Cheema ZA (2002) Efficacy of different weed 
management strategies in mungbean (Vigna radiata L.). Int J 
Agric Biol 4:237–239

Khan MSI, Kato-Noguchi H (2016) Assessment of allelopathic 
potential of’Couroupita guianensis. Aubl Plant Omi 
9(2):115–120

Kiaer LP, Weisbach AN, Weiner J (2013) Root and shoot competition: 
a meta-analysis. J Ecol 101:1298–1312

Knudsmark Jessing K, Duke SO, Cedergreeen N (2014) Potential eco-
logical roles of Artemisinin produced by Artemisia annua L. J 
Chem Ecol 40:100–117

Ladhari A, Romanucci V, De Marco A et al (2018) Herbicidal potential 
of phenolic and cyanogenic glycoside compounds isolated from 
Mediterranean plants. Ecol Quest 29:25–34

Latif S, Chiapusio G, Weston LA (2017) Allelopathy and the role of 
allelochemicals in plant defence. Advances in botanical research. 
Elsevier, Amsterdam, pp 19–54

Li ZH, Qiang W, Xiao R et al (2010) Phenolics and plant allelopathy. 
Molecules. https:// doi. org/ 10. 3390/ molec ules1 51289 33

Li JY, Guo XK, Zhang Q et al (2015) A novel screening method for 
rice allelopathic potential: the inhibitory-circle method. Weed 
Res 55:441–448

Ma H, Chen Y, Chen J et al (2020) Comparison of allelopathic effects 
of two typical invasive plants: Mikania micrantha and Ipomoea 
cairica in Hainan island. Sci Rep. https:// doi. org/ 10. 1038/ 
s41598- 020- 68234-5

Macías FA, Marín D, Oliveros-bastidas A et al (2003) Allelopathy as 
a new strategy for sustainable ecosystems development. Biol Sci 
Space 17:18–23

Macias FA, Molinillo JMG, Varela RM, Galindo JCG (2007) Allel-
opathy—a natural alternative for weed control. Pest Manag Sci 
Former Pestic Sci 63:327–348

Majeed A, Chaudhry Z, Muhammad Z (2012) Allelopathic assessment 
of fresh aqueous extracts of Chenopodium Album L. for growth 
and yield of wheat (Triticum Aestivum L.). Pak J Bot 44:165–167

Mallik BB, Acharya BD, Saquib M, Chettri M (2015) Allelopathic 
effect of Artemisia Dubia extracts on seed germination and seed-
ling growth of some weeds and winter crops. Ecoprint an Int J 
Ecol 21(23–30):1

Merrill SD, Tanaka DL, Hanson JD (2002) Root length growth of eight 
crop species in Haplustoll soils. Soil Sci Soc Am J 66:913–923

Michalet R, Brooker RW, Cavieres LA et al (2006) Do biotic inter-
actions shape both sides of the humped-back model of species 
richness in plant communities? Ecol Lett 9:767–773

Michalk DL, Kemp DR, Badgery WB et al (2019) Sustainability and 
future food security—a global perspective for livestock produc-
tion. L Degrad Dev 30:561–573

Moussavi-Nik SM, Keshavarzi MHB, Gharibdosti AB (2011) Effect 
of aqueous extracts of allelopathic Artemisia annua on germina-
tion and early growth of Isabgol (Plantago ovate). Ann Biol Res 
2(6):687–691

Mushtaq W, Ain Q, Siddiqui MB, Hakeem KR (2019) Cytotoxic alle-
lochemicals induce ultrastructural modifications in Cassia tora 
L. and mitotic changes in Allium cepa L.: a weed versus weed 
allelopathy approach. Protoplasma 256:857–871

Mushtaq W, Ain Q, Siddiqui MB et al (2020a) Allelochemicals change 
macromolecular content of some selected weeds. S Afr J Bot 
130:177–184

Mushtaq W, Ain Q, Siddiqui MB et al (2020b) Allelochemicals change 
macromolecular content of some selected weeds. S Afr J Bot 
130:177–184

Mushtaq W, Mehdizadeh M, Siddiqui MB et al (2020c) Phytotoxicity 
of above-ground weed residue against some crops and weeds. 
Pak J Bot 52:1–10

Musyimi DM, Okelo LO, Okello VS, Sikuku P (2015) Allelopathic 
potential of Mexican sunflower [tithonia diversifolia (hemsl) a. 
Gray] on germination and growth of cowpea seedlings (Vigna 
sinensis L.). Sci Agric. https:// doi. org/ 10. 15192/ pscp. sa. 2015. 
12.3. 149155

Na Z, Zhengwen W, Jinying L, Kun W (2010) Relationship between 
plant diversity and spatial stability of aboveground net primary 
productivity (ANPP) across different grassland ecosystems. Afr 
J Biotechnol 9:6708–6715

Nawaz A, Farooq M, Cheema SA, Cheema ZA (2014) Role of allelopa-
thy in weed management. Recent advances in weed management. 
Springer, New York, NY, pp 39–61

Nigam M, Atanassova M, Mishra AP et al (2019) Bioactive compounds 
and health benefits of Artemisia species. Nat Prod Commun 
14(7):19034578X19854

Nishida N, Tamotsu S, Nagata N et al (2005) Allelopathic effects of 
volatile monoterpenoids produced by Salvia leucophylla: inhi-
bition of cell proliferation and DNA synthesis in the root api-
cal meristem of Brassica campestris seedlings. J Chem Ecol 
31:1187–1203

Othman B, Haddad D, Tabbache S (2018) Allelopathic effects of Sor-
ghum halepense (L.) Pers. and Avena sterilis L. Water extracts on 
early seedling growth of Portulacca Oleracea L. and Medicago 
sativa L. SSRG Int J Med Sci. https:// doi. org/ 10. 1445/ 23939 117/ 
IJMS- V5I10 P103

Ozaki Y, Kato-Noguchi H (2016) Effects of benzoxazinoids in wheat 
residues may inhibit the germination, growth and gibberellin-
induced α-amylase activity in rice. Acta Physiol Plant 38:1–5. 
https:// doi. org/ 10. 1007/ s11738- 015- 2041-2

Putnam AR, Duke WB (1974) Biological suppression of weeds : 
evidence for allelopathy in accessions of cucumber. Science 
185:370–372

https://doi.org/10.3390/molecules15128933
https://doi.org/10.1038/s41598-020-68234-5
https://doi.org/10.1038/s41598-020-68234-5
https://doi.org/10.15192/pscp.sa.2015.12.3.149155
https://doi.org/10.15192/pscp.sa.2015.12.3.149155
https://doi.org/10.1445/23939117/IJMS-V5I10P103
https://doi.org/10.1445/23939117/IJMS-V5I10P103
https://doi.org/10.1007/s11738-015-2041-2


 Journal of Plant Growth Regulation

1 3

Rawat LS, Maikhuri RK, Negi VS (2013) Inhibitory effect of leachate 
from Helianthus annuus on germination and growth of Kharif 
crops and weeds. Acta Ecol Sin 33:245–252

Razzaq A, Cheema ZA, Jabran K, et al (2010) Weed management in 
wheat through combination of allelopathic water extract with 
reduced doses of herbicides. Pak J Weed Sci Res 16:247–256

Renugadevi J, Natarajan N, Srimathi P (2008) Efficacy of botanicals in 
improving the seeds and seedling quality charactristics of cluster 
bean. Legum Res 31:164–168

Rhodes AC, Plowes RM, Goolsby JA et al (2021) The dilemma of 
Guinea grass (Megathyrsus maximus ): a valued pasture grass and 
a highly invasive species. Biol Invasion 3:3653–3669

Salman M, Salameh N, Abu-Romman S (2017) Germination and 
seedling growth of barley as affected by Artemisia annua water 
extract. Plant Omics 10:1–6

Sarić-krsmanović MM, Radivojević LM, Šantrić LR et  al (2020) 
Effects of mixtures of allelopathic plant water extracts and 
a herbicide on weed suppression. J Environ Sci Heal Part B 
56(1):16–22

Scavo A, Restuccia A, Pandino G et al (2018) Allelopathic effects 
of Cynara cardunculus L. leaf aqueous extracts on seed ger-
mination of some Mediterranean weed species.". Ital J Agron 
132(2018):119–125

Schandry N, Becker C (2019) Allelopathic plants : models for 
studying plant—interkingdom interactions. Trends Plant Sci 
25(2):176–185

Scognamiglio M, D’Abrosca B, Esposito A et al (2013) Plant growth 
inhibitors: allelopathic role or phytotoxic effects? Focus on Med-
iterranean biomes. Phytochem Rev 12:803–830

Seastedt TR, Hobbs RJ, Suding KN (2008) Management of novel eco-
systems: are novel approaches required? Front Ecol Environ. 
https:// doi. org/ 10. 1890/ 070046

Selvi B, Kadamban D (2009) Allelopathic effect of ursolic acid on 
growth and physiology of green gram cultivar KM-2. Int J Plant 
Sci 4:578–581

Seyyednejad SM, Koochak H, Najafabade FP, Kolahi M (2010) Allelo-
pathic effect of aquatic hull extract of rice (Oryza sativa L.) on 
growth of Silybum marianum and Echinochloa crus-galli. Afr J 
Agric Res 5:2222–2226

Siri-Udom S, Suwannarach N, Lumyong S (2017) Applications of vola-
tile compounds acquired from Muscodor heveae against white 
root rot disease in rubber trees (Hevea brasiliensis Müll. Arg.) 
and relevant allelopathy effects. Fungal Biol 121:573–581

Svizzero S (2021) Agronomic practices and biotechnological methods 
dealing with the occurrence, dispersion, proliferation and adapta-
tion of weedy rice (Oryza sativa f. spontanea). Int J Pest Manag. 
https:// doi. org/ 10. 1080/ 09670 874. 2021. 19446 97

Tawaha AM, Turk MA (2003) Allelopathic effects of black mustard 
(Brassica nigra) on germination and growth of wild barley (Hor-
deum spontaneum). J Agron Crop Sci 189:298–303

Tian F, Ruan Q-J, Zhang Y et al (2020) Quantitative analysis of six 
phenolic acids in Artemisia capillaris (Yinchen) by HPLC-DAD 
and their transformation pathways in decoction preparation pro-
cess. J Anal Methods Chem 2020:8950324

Uzoma MC, Mensah SI, Ochekwu EB (2019) Studies on the allelo-
pathic effect of the aqueous extracts of Axonopus compressus 
(Swartz) P. Beauv on some growth parameters and phenolic 
content of Kalanchoe pinnata (Lam.) Pers. Toxicol Dig 4:74–93

Vokou D, Douvli P, Blionis GJ, Halley JM (2003) Effects of monoter-
penoids, acting alone or in pairs, on seed germination and subse-
quent seedling growth. J Chem Ecol 29:2281–2301

Wang X, Wang J, Zhang R et al (2018) Allelopathic effects of aqueous 
leaf extracts from four shrub species on seed germination and 
initial growth of Amygdalus pedunculata Pall. Forests 9:711. 
https:// doi. org/ 10. 3390/ f9110 711

Wang Z, Wang J, Bao Y et al (2011) Quantitative trait loci controlling 
rice seed germination under salt stress. Euphytica 178:297–307

Wei M, Wang S, Wu B et al (2020) Combined allelopathy of Canada 
goldenrod and horseweed on the seed germination and seedling 
growth performance of lettuce. Landsc Ecol Eng 16:299–306

Williamson GB, Richardson D (1988) Bioassays for allelopathy: meas-
uring treatment responses with independent controls. J Chem 
Ecol 14:181–188

Won YK (2009) Phytotoxicity and volatile monoterpenes of leaves 
from Artemisia capillaris and Artemisia iwayomogi used as 
Korean herbal injin. J Ecol F Biol 32:9–12

Wu H, James P, Deirdre L et al (2001) Screening methods for the 
evaluation of crop allelopathic potential. Bot Rev 67:403–415

Xu B, Gao Z, Wang J et al (2015) Morphological changes in roots of 
Bothriochloa ischaemum intercropped with Lespedeza davurica 
following phosphorus application and water stress. Plant Bio-
syst—Int J Deal All Asp Plant Biol 149:298–306

Xu Z, Wu H, Wei X et al (2010) Flavonoids from Lespedeza davurica. 
Acta Bot Boreali-Occidentalia Sin 30:1485–1489

Yan ZQ, Wang DD, Ding L et al (2015) Mechanism of artemisinin 
phytotoxicity action: Induction of reactive oxygen species and 
cell death in lettuce seedlings. Plant Physiol Biochem 88:53–59

Yuan H, Hou FJ (2010) The allelopathy effect of litter from three domi-
nant species on alfalfa seedlings growth in the Loess Plateau. 
Pratacultural Sci 27:20–24 (In Chinese)

Zhang Y, Gu M, Shi K et al (2010) Effects of aqueous root extracts and 
hydrophobic root exudates of cucumber (Cucumis sativus L.) on 
nuclei DNA content and expression of cell cycle-related genes 
in cucumber radicles. Plant Soil 327:455–463

Zhang Y, Tang S, Liu K et al (2015) The allelopathic effect of Potentilla 
acaulis on the changes of plant community in grassland, northern 
China. Ecol Res 30:41–47

Zhang R, Hu X, Baskin JM et al (2017) Effects of litter on seedling 
emergence and seed persistence of three common species on the 
loess plateau in Northwestern China. Front Plant Sci 8:103

Zhang Z, Yanjie L, Yuan L, Weber E, van Kleunen M (2021) Effect 
of allelopathy on plant performance: a meta-analysis. Ecol Lett 
24:348–362

Zhou W, Yang H, Huang L et al (2017) Grassland degradation remote 
sensing monitoring and driving factors quantitative assessment 
in China from 1982 to 2010. Ecol Indic 83:303–313

Zohaib A, Tabassum T, Anjum SA et al (2018) Allelopathic effect of 
some associated weeds of wheat on germinability and biomass 
production of wheat seedlings. Planta Daninha. https:// doi. org/ 
10. 1590/ s0100- 83582 01735 01000 89

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1890/070046
https://doi.org/10.1080/09670874.2021.1944697
https://doi.org/10.3390/f9110711
https://doi.org/10.1590/s0100-83582017350100089
https://doi.org/10.1590/s0100-83582017350100089

	Aqueous Litter Extracts of Native Grass Species Suppress Exotic Plant Species Under Allelopathic Conditions
	Abstract
	Graphical Abstract

	Introduction
	Materials and Methods
	Plant Material and Treatments
	Donor Plant Species
	Receptor Plants
	The Aqueous Litter Extracts Preparation
	Seed Imbibition
	Germination Experiment
	Allelopathy Response Index (RI)
	Statistical Analysis

	Results
	Effects of Grass Aqueous Litter Extracts on Alfalfa and Wheat Seed Imbibition
	Effects of Grass Aqueous Litter Extracts on Alfalfa and Wheat Seed Germination
	Effects of Grass Aqueous Litter Extracts on Alfalfa and Wheat Seedling Height
	Effects of Grass Aqueous Litter Extracts on Alfalfa and Wheat Biomass
	Effects of Grass Aqueous Litter Extracts on the Root-to-Shoot Ratio of Alfalfa and Wheat
	Allelopathy Response Index (RI)

	Discussion
	Conclusion
	Acknowledgements 
	References




