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Abstract The effect of allelopathy from invasive alien
plants (IAPs) on native species is one of the main factors
for their adaptation and diffusion. IAPs can have different
degrees of invasion under natural succession and are dis-
tributed in numerous regions. Seed germination and seed-
ling growth (SGe-SGr) play a crucial role in population
recruitment. Thus, it is critical to illustrate the differences
in the allelopathy caused by an IAP with different degrees
of invasion in numerous regions on SGe-SGr of native
species to describe the primary force behind their adapta-
tion and diffusion. This study assessed the allelopathy of
the notorious IAP horseweed (Conyza canadensis (L.)
Crong.) on SGe-SGr of the native lettuce species (Lactuca
sativa L.) under different degrees of invasion (light degree
of invasion and heavy degree of invasion) in three pro-
vinces (Jiangsu, Anhui, and Hubei) along the Yangtze
River in China. The allelopathy of horseweed leaf extract
on lettuce SGe-SGr remarkably increased with the
increased degree of invasion, which may be due to the
buildup of allelochemicals generated by horseweed with a
heavy degree of invasion compared with a light degree of
invasion. A high concentration of horseweed leaf extract
resulted in noticeably stronger allelopathy on lettuce SGe-
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SGr compared to the extract with a low concentration.
There are noticeable differences in the allelopathy of the
extract of horseweed leaves from different provinces on
lettuce  SGe-SGr  with the  following order i.e.
Jiangsu > Hubei > Anhui. This may be due to the high
latitudes for the three sampling sites in Jiangsu compared
with the latitudes for the collection sites in Hubei and
Anhui. There are certain differences in the environments
among the three provinces. Thus, the allelopathy of horse-
weed on SGe-SGr of lettuce may have a greater negative
impact in Jiangsu compared to the other two provinces.
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Introduction

Invasive alien plants (IAPs) have greatly affected the
structure and function of native environments in which
IAPs flourishes (Wang et al. 2018a, 2019a, b, 2020a,
2021a, b; Wu et al. 2019). Thus, the main factors of the
adaptation and diffusion of IAPs have become key themes
in the research area of invasion ecology lately. Several
hypotheses have described the factors for the adaptation
and diffusion of IAPs. Specifically, the Novel Weapons
Hypothesis (Callaway and Ridenour 2004) proposes that
numerous IAPs can release a variety of biochemical com-
pounds (named allelochemicals) that are toxic to native
species and subsequently facilitate their adaptation and
diffusion in a new habitat (Thorpe et al. 2009; Djurdjevic¢
et al. 2011, 2012; Carvalhoa et al. 2019). The allelo-
chemicals generated by IAPs can produce multiple effects
on native species including reduced seed germination and

@ Springer


http://orcid.org/0000-0002-6132-3319
https://doi.org/10.1007/s12298-021-00962-y
https://doi.org/10.1007/s12298-021-00962-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s12298-021-00962-y&amp;domain=pdf
https://doi.org/10.1007/s12298-021-00962-y

484

Physiol Mol Biol Plants (March 2021) 27(3):483-495

seedling growth (SGe-SGr) (Wang et al. 2016a, 2017a, b,
2018b, 2019c, 2020b; Carvalhoa et al. 2019; Wei et al.
2020a, b). As the first step in the life cycle, SGe-SGr plays
a major role in population recruitment (Hu and Zhang
2013; Carvalhoa et al. 2019; Lu et al. 2020). Thus, the
powerful allelopathy created by IAPs can result in a sig-
nificant decrease in the growth performance of native
species (Wang et al. 2016a, 2017a, b, 2018b, 2019¢, 2020b;
Carvalhoa et al. 2019; Wei et al. 2020a, b).

IAPs have different degrees of invasion under natural
succession in environments when IAPs gradually occupy
new environments after moving from their natural range
(Wang et al. 2017a, 2018a, 2021a, b; Wu et al. 2019).
Further, the diversified ecosystems in China make the
country sensitive to colonization by IAPs (Weber et al.
2008; Li et al. 2009; Yan et al. 2014). Accordingly,
numerous IAPs, such as horseweed (Conyza canadensis
(L.) Crong.), are distributed in numerous regions across
China at present (Yan et al. 2014; Wang et al
2016b, 2017a, b, 2018a, 2021b). Progressive variations in
the degree of invasion of IAPs in numerous regions have
the potential to modify their allelopathy on the SGe-SGr of
native species and could have a significant effect on their
further diffusion. Thus, understanding the differences in the
allelopathy resulting from IAPs with different degrees of
invasion in numerous regions on SGe-SGr of native species
is important for a better understanding of the factors for
IAP diffusion. However, limited research has been con-
ducted on the differences in the allelopathy of IAPs with
different degrees of invasion in numerous regions on SGe-
SGr of native species.

Therefore, this study aimed to assess the allelopathy of
horseweed (using leaf extract) with different degrees of
invasion (i.e., light degree of invasion and heavy degree of
invasion) in three provinces (i.e., Jiangsu, Anhui, and
Hubei) along the Yangtze River, China (YRC) on the SGe-
SGr of the native lettuce species (Lactuca sativa L..). As an
annual herbaceous species, horseweed originated in North
America (Djurdjevi¢ et al. 2011, 2012; Hao et al. 2011;
Shah et al. 2014). Currently, horseweed is one of the most
devastating IAPs in China due to its wide distribution and
the remarkable effects on native ecosystems (Weber et al.
2008; Hao et al. 2011; Wang et al. 2018a, 2021b). The
strong allelopathic effect of horseweed on native species is
thought to be the key to its adaptation and diffusion
(Djurdjevic et al. 2011, 2012; Hu and Zhang 2013; Wang
et al. 2017a; Lu et al. 2020). The SGe-SGr of lettuce, a
commonly grown crop in the area colonized by horseweed,
reacts quickly to allelochemicals; therefore, lettuce SGe-
SGr is widely used in the studies to elucidate the
allelopathy of IAPs (Li and Wang 2014; Wang et al.
2016a, 2017a, 2018b, 2019¢, 2020b; Carvalhoa et al. 2019;
Lu et al. 2020; Wei et al. 2020a, b). Both horseweed and
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lettuce are Compositae species, a family that presently
includes numerous IAP species (92 species) in China (Yan
et al. 2014; Wang et al. 2016b). Moreover, horseweed and
lettuce frequently coexist within an ecosystem (such as
farmland).

Herein, we tested the following hypotheses: (I) the
allelopathy of horseweed on lettuce SGe-SGr may increase
with the degree of invasion; (I) the allelopathy of horse-
weed on lettuce SGe-SGr may increase with the increased
concentration of leaf extract; and (III) the allelopathy of
horseweed on lettuce SGe-SGr may be similar among the
three provinces.

Materials and methods
Experimental design

Horseweed samples were randomly harvested from nine
cities in three provinces (three cities per province) along
the Yangtze river in China (YRC) in July 2018. Table 1
gives the geographic location, climate type, and climate
summaries of the nine cities in three provinces along the
YRC. Horseweed was in the “vegetative propaga-
tion/booting (main shoot)” growth stage based on the
BBCH-scale for weeds (Hess et al. 1997). The degree of
invasion of horseweed was divided into light degree of
invasion (< 50%) and heavy degree of invasion (> 50%)
based on its relative abundance in the colonized commu-
nities (Wang et al. 2017a, 2018a, 2021b). This was mea-
sured in each city included in this study. The relative
abundance of horseweed was assessed as the ratio of the
number of horseweed individuals to all plant species in the
invaded communities (Wang et al. 2018a, 2019a, b,
2021a, b). The light degree of invasion simulated the col-
onization stage, whereas the heavy degree of invasion
represented an expansion into the outbreak stage (Wang
et al. 2017a, 2018a, 2021a, b; Wu et al. 2019). A total of 12
quadrats (size: 2 m x 2 m) were selected per degree of
invasion in each city; therefore, there were a total of 24
quadrats sampled per city, resulting in a total of 216
quadrats sampled in the nine cities in three provinces along
the YRC. Three horseweed individuals were randomly
collected per quadrat (2 m x 2 m) and mature, complete
leaves were collected from the horseweed individuals, with
the leaves homogenized into one sample from the quadrats
with the same degree of invasion.

The horseweed leaf samples were adequately washed
and completely air-dried for approximately 72 h at room
temperature. The air-dried horseweed leaves were soaked
with the sterile distilled water in flasks at approximately
25 °C for 48 h to prepare leaf extract (i.e., water-soluble
leaf surface chemicals). Insoluble material was filtered out
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Table 1 The geographic location, climate type, and climate summaries of the nine cities in three provinces along YRC

Site Geographic location Climate type Index Values Data sources
Province City Latitude Longitude Maximum Minimum
™) E)
Jiangsu Nantong  31°57° 120°53° North subtropical oceanic AMT 16.6 Li (2017)
climate
MMT 29.0 (Aug.) 3.2 (Jan.)
AMP 19214
MMP 470.2 (Jun.) 229
(Feb.)
AMS 1782.0
MMS 301.1 (Aug.) 42.5
(Oct.)
Jiangsu Zhenjiang  32°9’ 119°31° North subtropical monsoon AMT 159 Hang and Wu
climate (2019)
MMT 28.2 (Jul.) 3.1 Jan.)
AMP 1101.4
MMP  213.8 (Jul.) 35.1
(Dec.)
AMS  1996.8
MMS 1955 (May.) 129.4
(Feb.)
Jiangsu Nanjing 32°6’ 118°54° North subtropical monsoon AMT 16.5 Zhang (2016)
_32°08° -118°57° climate
MMT 27.3 (Aug.) 5.1 (Jan.)
AMP  1765.6
MMP  661.5 (Jun.) 12.3
(Dec.)
AMS  1848.2
MMS 217.6 (Aug.) 84.6
(Nov.)
Anhui Wuhu 31°12° 118°23° North subtropical monsoon AMT 17 Wang (2017)
_31°22° -118°25° climate
MMT 30 (Aug.) 3.8 (Jan.)
AMP  1983.2
MMP 486.4 (Jul.) 334
(Feb.)
AMS  Approximately
1900-2000
MMS No data No data
Anhui Tongling  30°59° 117°51° North subtropical monsoon AMT 174 Xiao (2017)
climate
MMT 29.8 (Aug.) 4.1 (Jan.)
AMP 23922
MMP 4959 (Jul.) 434
(Feb.)
AMS  1,895.7
MMS No data No data
Anhui Chizhou 30°37° 117°32’ North subtropical monsoon AMT 16.6 Wu (2016)
climate
MMT 26.9 (Aug.) 4.7 (Dec.)
AMP  1908.9
MMP  398.3 (Jun.) 10.4
(Dec.)
AMS 16503
MMS 210.8 (Aug.) 55.1
(Nov.)
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Table 1 continued

Site Geographic location Climate type Index Values Data sources
Province City Latitude Longitude Maximum Minimum
™) ()
Hubei Qichun 30°6’ 115°21° North subtropical monsoon AMT 183 Wen (2017)
climate
MMT No data No data
AMP  2096.7
MMP No data No data
AMS  1577.0
MMS No data No data
Hubei Ezhou 30°21° 114°54° North subtropical monsoon AMT 172 Huang and Su
climate (2014)
MMT 29.1 (Jul.) 4.6 (Jan.)
AMP  1346.20
MMP  227.6 (Jun.) 322
(Dec.)
AMS  1943.7
MMS 245 (Aug.) 101.9
(Feb.)
Hubei Wuhan 30°22° 114°21° North subtropical monsoon AMT 173 Meng and Chen
climate (2017)
MMT 29.2 (Aug.) 3.6 (Jan.)
AMP  1810.00
MMP 676.1 (Jul.) 7.5 (Sept.)
AMS 1614.6
MMS 214.6 (Aug.) 44.3 (Jan.)

AMT annual mean temperature (°C), MMT monthly mean temperature (°C), AMP annual mean precipitation (mm), MMP monthly mean
precipitation (mm), AMS annual mean sunshine hours (h), MMS monthly mean sunshine hours (h)

from horseweed leaf extract solutions using cheesecloth
and two layers of filter paper. Horseweed leaf extract was
diluted with distilled water to generate a concentration
gradient (per gram of dry horseweed leaves), specifically,
the CK (control with the distilled water, 0 g LY, L (low
concentration horseweed leaf extract: 20 g L™") and H
(high concentration horseweed leaf extract: 40 g L™').
Subsequently, the prepared horseweed leaf extracts were
stored at 4 °C for no more than 7 d.

The treatment combinations (three regions * four treat-
ments per region * five replicates; the distilled water as the
negative control) in this study were as follows: (I) CK,
control with distilled water; (II) JSLIL, the extract of
horseweed leaves from Jiangsu (JS) under a light degree of
invasion (LI) with a low concentration; (III) JSLIH, the
extract of horseweed leaves from JS under LI with a high
concentration; (IV) JSHIL, the extract of horseweed leaves
from JS under a heavy degree of invasion (HI) with a low
concentration; (V) JSHIH, the extract of horseweed leaves
from JS under HI with a high concentration; (VI) AHLIL,
the extract of horseweed leaves from Anhui (AH) under LI
with a low concentration; (VII) AHLIH, the extract of
horseweed leaves from AH under LI with a high concen-
tration; (VIII) AHHIL, the extract of horseweed leaves
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from AH under HI with a low concentration; (IX) AHHIH,
the extract of horseweed leaves from AH under HI with a
high concentration; (X) HBLIL, the extract of horseweed
leaves from Hubei (HB) under LI with a low concentration;
(XI) HBLIH, the extract of horseweed leaves from HB
under LI with a high concentration; (XII) HBHIL, the
extract of horseweed leaves from HB under HI with a low
concentration; (XIII) HBHIH, the extract of horseweed
leaves from HB under HI with a high concentration. Each
treatment group was performed in five replicates.

Determination of lettuce SGe-SGr parameters

The lettuce (L. sativa cultivar Jiuzhouhong) SGe-SGr
experiment was completed via the hydroponic incubation
method in Petri dishes with thirty seeds per Petri dish in
late October 2018. A detailed incubation method for the
lettuce SGe-SGr experiment followed previously explained
methods (Wang et al. 2016a, 2017a, b, 2018b, 2019c). The
number of germinated lettuce seeds was recorded per day
beginning the day after sowing. Specifically, the germina-
tion of lettuce seeds was determined via radicle protrusion.

After 11 d incubation, ten lettuce seedlings (i.e., 50
lettuce seedlings per treatment group) per Petri dish were



Physiol Mol Biol Plants (March 2021) 27(3):483-495

487

randomly selected for the estimation of the following let-
tuce SGe-SGr parameters: germination percentage (repre-
sents the germination ability; Wang et al
2017a, b, 2018b, 2019c), germination potential (represents
the germination capacity and uniformity; Wang et al.
2016a, 2017a, b, 2018b, 2019c), germination index (rep-
resents the germination speed and vitality; Hou et al. 2014;
Ding et al. 2018), germination rate index (represents the
germination speed and vitality; Steinmaus et al. 2000;
Mollard et al. 2014), germination vigor index (represents
the germination speed and vitality; Li and Wang 2014;
Ding et al. 2018), promptness index (represents the robust
responsiveness of seed germination; Asci 2011; Toscano
et al. 2017), seedling height (represents the competitive
ability of seedlings to acquire sunlight acquisition; Wang
et al. 2016a, 2017a, b, 2018b, 2019a, c, 2020c), root length
(represents the competitive ability of seedlings to acquire
water and inorganic salt acquisition; Wang et al.
20164, 2017a, b, 2018b, 2019c¢, 2020c), leaf size (including
leaf length and width; represents the competitive ability of
seedlings to acquire sunlight acquisition; Wang et al.
2018b, 2019a, c, 2020c), green leaf area (represents leaf
photosynthetic area of seedlings; Xia et al. 2016; Huang
et al. 2018), seedling biomass (including seedling fresh and
dry weights; represents seedling growing ability; Wang
et al. 2016a, 2017a, b, 2018b, 2019c, 2020c), and plant
moisture content (represents seedling water content; Wang
et al. 2018b, 2019c, 2020c). The stress intensity of different
treatments on lettuce SGe-SGr parameters was adjudged by
using the stress intensity index (SII). SII was defined as
Sl =1 — X/X,,), where X; and X, represent the mean
value of all lettuce SGe-SGr parameters with horseweed
leaf extract and without horseweed leaf extract, respec-
tively (Zangi 2005; Ballesta et al. 2020).

Statistical analyses

Deviations from normality and the homogeneity of the
variances were evaluated by using Shapiro—Wilk’s test and
Bartlett’s test, respectively. The results of normality test
and homogeneity of variance test are shown in Table S1
and Table S2, respectively. Differences in the values of
lettuce SGe-SGr parameters among all treatment groups
were measured using an analysis of variance (ANOVA)
with Tukey’s test. A three-way ANOVA was implemented
to determine the effects of the degree of invasion of
horseweed, the concentration of horseweed leaf extract,
and the geographic location of horseweed on the values of
lettuce SGe-SGr parameters. Partial eta squared (112) values
were also calculated to assess the effect size of each factor
for use in the three-way ANOVA. Statistical analyses were
performed using IBM SPSS Statistics 25.0.

Results

Effects of horseweed leaf extract on lettuce SGe-SGr
parameters compared to the control

All measured SGe-SGr parameters of lettuce were signifi-
cantly reduced when subjected to JSLIH (P < 0.05; Figs. 1
and 2). Root length was significantly reduced when sub-
jected to all present treatment groups that included horse-
weed leaf extract (P < 0.05; Fig. 2). The germination
percentage and germination rate index of lettuce were
significantly ~decreased when subjected to JSHIL
(P < 0.05; Figs. 1 and 2). The germination rate index,
germination vigor index, seedling height, leaf length,
seedling biomass (fresh weight), and plant moisture content
of lettuce were significantly decreased when subjected to
JSHIH (P < 0.05; Figs. 1 and 2). The germination poten-
tial, germination index, germination rate index, and ger-
mination vigor index of lettuce were significantly
decreased when subjected to AHLIH (P < 0.05; Fig. 1).
The germination percentage and germination rate index of
lettuce were significantly reduced but leaf length, leaf
width, and seedling biomass (fresh weight) of lettuce were
significantly increased when subjected to AHHIL
(P < 0.05; Figs. 1 and 2). The leaf width and seedling
biomass (dry weight) of lettuce significantly increased
when subjected to HBHIL (P < 0.05; Figs. 1 and 2). The
germination percentage, germination rate index, germina-
tion vigor index, seedling height, leaf length, green leaf
area, seedling biomass (fresh weight), and plant moisture
content of lettuce were significantly decreased when sub-
jected to HBHIH (P < 0.05; Figs. 1 and 2).

Effects of horseweed leaf extract with different
degrees of invasion on lettuce SGe-SGr parameters

The germination index and germination rate index of let-
tuce were significantly lower when subjected to JSLIH
compared with those treated with JSHIH (P < 0.05;
Fig. 1). The germination vigor index, root length, leaf
length, leaf width, green leaf area, seedling biomass (fresh
weight), and plant moisture content of lettuce were sig-
nificantly higher when subjected to HBLIH compared with
those in the HBHIH (P < 0.05; Figs. 1 and 2).

The value of stress intensity index of JSLIH was greater
than that of JSHIH (P < 0.05; Fig. 3).

Effects of horseweed leaf extract with different
concentrations on lettuce SGe-SGr parameters

When subjected to JSLIL, all present SGe-SGr parameters
of lettuce, except seedling biomass (dry weight), were
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Fig. 1 The values of germination parameters of lettuce. Bars (means
(P < 0.05)

significantly higher compared with those in JSLIH
(P < 0.05; Figs. 1 and 2). The root length, leaf length,
green leaf area, and seedling biomass (fresh weight) of
lettuce were significantly higher in JSHIL than JSHIH
(P < 0.05; Fig. 2). The root length, leaf length, and green
leaf area of lettuce were significantly higher in AHLIL
compared to AHLIH (P < 0.05; Fig. 2). The leaf length of
lettuce was significantly higher in AHHIL than AHHIH
(P < 0.05; Fig. 2). The root length of lettuce was signifi-
cantly higher in HBLIL than HBLIH (P < 0.05; Fig. 2).
The germination vigor index, seedling height, root length,
leaf length, leaf width, green leaf area, seedling biomass
(fresh weight), and plant moisture content of lettuce were
significantly higher in HBHIL compared to HBHIH
(P < 0.05; Figs. 1 and 2).

The value of the stress intensity index of JSLIH was
greater compared to that under JSLIL (P < 0.05; Fig. 3).
Similarly, the value of the stress intensity index of HBHIH
was greater than that of HBHIL (P < 0.05; Fig. 3).

Effects of horseweed leaf extract with different
geographic location on lettuce SGe-SGr parameters

The root length of lettuce was significantly lower in JSLIL
compared to HBLIL (P < 0.05; Fig. 2). The germination
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potential, seedling biomass (fresh weight), and plant
moisture content of lettuce were significantly lower in
JSLIH compared with AHLIH and HBLIH (P < 0.05;
Figs. 1 and 2). The germination index, germination vigor
index, root length, leaf length, leaf width, and green leaf
area of lettuce were significantly lower in JSLIH than
HBLIH (P < 0.05; Figs. 1 and 2). The seedling height of
lettuce was significantly lower in JSHIL than HBHIL
(P < 0.05; Fig. 2). The seedling biomass (fresh weight) of
lettuce was significantly lower in JSHIL than AHHIL
(P < 0.05; Fig.2). The germination vigor index, root
length, and leaf length of lettuce were significantly lower in
JSHIH than AHHIH (P < 0.05; Figs. 1 and 2). The leaf
width, green leaf area and seedling biomass (fresh weight)
of lettuce were significantly lower in HBHIH than AHHIH
(P < 0.05; Fig. 2). The plant moisture content of lettuce
was significantly lower in JSHIH and HBHIH compared to
AHHIH (P < 0.05; Fig. 2).

The value of stress intensity index was greater in JSLIH
compared to HBLIH (P < 0.05; Fig. 3). The mean value of
stress intensity index of horseweed extract from the three
provinces on lettuce SGe-SGr decreased in the following
order: Jiangsu (0.2545) > Hubei  (0.2259) > Anhui
(0.1638) (Fig. 3).
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difference (P < 0.05)

0.60 F=6.696
P<0.0001
a
0.50 -
e
]
g 040 1
= ab ab
2 030 - be be be T be
: be
P be be
£ 020 { be
wn
C
0.10 -
0.00 1 1 1 1 1 1 1 1 1 1 1 J
JSLIL JSLIH JSHIL JSHIH AHLIL AHLIH AHHIL AHHIH HBLIL HBLIH HBHIL HBHIH

Fig. 3 The values of the stress intensity index of different treatments on lettuce. Bars (means and SE; n = 50) with different letters characterize a
significant difference (P < 0.05)
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Three-way ANOVA on the effects of the degree

of invasion of horseweed, the concentration

of horseweed leaf extract, and the geographic
location of horseweed on the values of lettuce SGe-
SGr parameters

The results of the ANOVA analysis indicated that the
degree of invasion of horseweed significantly affected the
germination potential and germination index of lettuce
(P < 0.05; Table 2). The concentration of horseweed leaf
extract significantly affected all measured SGe-SGr
parameters of lettuce, except seedling biomass (dry weight)
(P < 0.05; Table 2). The geographic location of horseweed
significantly affected all measured SGe-SGr parameters of
lettuce, except germination percentage, germination
potential, and germination rate index (P < 0.05; Table 2).
The interaction of the degree of invasion of horseweed, the
concentration of horseweed leaf extract, and the geographic
location of horseweed significantly affected all measured
lettuce SGe-SGr parameters, except root length and seed-
ling biomass (dry weight) (P < 0.05; Table 2).

The effect size of the degree of invasion of horseweed
on the germination potential (F = 7.5887; P = 0.0106) and
germination index (F =4.4213; P =0.0453) of lettuce
were higher compared to the other SGe-SGr parameters of
lettuce (Table 2). The effect size of the concentration of
horseweed leaf extract on the germination vigor index
(F =90.6955; P < 0.0001), seedling height (F = 50.2901;
P < 0.0001), root length (F = 119.3995; P < 0.0001), leaf
length (F =183.9342; P < 0.0001), leaf width
(F = 63.6336; P < 0.0001), green leaf area (F = 115.2610;
P <0.0001), seedling biomass (fresh  weight)
(F =126.3511; P < 0.0001), and plant moisture content
(F = 83.6527; P < 0.0001) were clearly greater compared
with the other SGe-SGr parameters of lettuce (Table 2).
The geographic location of horseweed on the germination
vigor index (F = 16.6980; P < 0.0001), seedling height
(F =11.5835; P < 0.0001), root length (F = 11.2584;
P < 0.0001), leaf length (F = 13.9920; P < 0.0001), green
leaf area (F =9.7524; P =0.0007), seedling biomass
(fresh weight) (F =29.9139; P < 0.0001), and plant
moisture content (F = 19.5951; P < 0.0001) were dis-
tinctly larger than the other SGe-SGr parameters of lettuce
(Table 2).

Discussion

Generally, the allelopathy of IAPs on the SGe-SGr of
native species plays a decisive role in their spread
throughout a non-native location (Wang et al.
2016a, 2017a, b, 2018b, 2019¢, 2020b; Carvalhoa et al.
2019; Wei et al. 2020a, b). In this study, we have observed
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that horseweed leaf extract has a negative effect on lettuce
SGe-SGr in this study. All present treatment groups with
horseweed leaf extract included in this study distinctively
reduced the root length of lettuce. Thus, the competitive
ability of lettuce seedlings to acquire water and inorganic
salt acquisition will be dramatically suppressed by horse-
weed leaf extract. Accordingly, the attenuated performance
of SGe-SGr of native species when subjected to the
horseweed allelopathy may facilitate its spread throughout
its non-native range. However, the competitive ability of
seedlings to acquire sunlight acquisition and seedling
growing ability of lettuce markedly enhanced in AHHIL
and HBHIL. Thus, in a few cases, the allelopathy mediated
by IAPs also promotes the SGe-SGr performance of native
species, possibly due to the lower accumulation of allelo-
chemicals, resulting in the occurrence of reactive oxygen
species in plant cell, which in turn can stimulate SGe-SGr
of plant species (Duke et al. 2006; Takao et al. 2011; Lu
et al. 2020; Wei et al. 2020a, b). This process may be due
to the persuaded hormesis effects (low-dose stimulation),
which are frequently considered to be a vital plant response
to changes in ecological factors (Forbes 2000; Duke et al.
2006; Takao et al. 2011). Hence, IAP does not always
result in a distinctly negative effect on SGe-SGr perfor-
mance of native species.

Our observations also suggest that a high concentration
of horseweed leaf extract triggers stronger allelopathy on
lettuce SGe-SGr compared to the low concentration,
especially for JSLIH and JSLIL. Further, the stress inten-
sity of JSLIH on lettuce SGe-SGr is markedly greater than
that of JSLIL in this study. Our observations support earlier
results (Wang et al. 2016a, 2017a, 2018b, 2019¢c) and the
second hypothesis. This may be due to the higher con-
centration of horseweed allelochemicals in the high con-
centration of horseweed leaf extract compared to the low
concentration.

Intraspecific competition among IAP individuals
increase with an increasing degree of invasion (Wang et al.
2019a, b, 2021a, b; Wu et al. 2019). Therefore, IAPs
possess a higher growth competitiveness and fitness
advantage via obtaining resources required for growth.
Hence, IAPs with HI will allocate more biomass to leaf
structures per unit area to increase its competitiveness and
fitness. Previous studies have also found that the biomass
allocation per unit of leaf area increased dramatically with
the increase of population density (Liu et al. 2009; Tobin
et al. 2011). Thus, it is expected that IAPs with HI may
invest more biomass in leaf structure to obtain a higher
growth competitiveness and fitness advantage. Conse-
quently, the leaves of IAPs with HI may contain more
secondary metabolites compared to those with LI. The
greater intraspecific competition can also increase the
allelopathic potential of plants (Lawrence et al. 1991;
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Table 2 Three-way ANOVA on the effects of the degree of invasion of horseweed (ID), the concentration of horseweed leaf extract (EC), and
the geographic location of horseweed (GL) on the values of lettuce SGe-SGr parameters

Dependent variable df F P n
ID Germination percentage 1 1.0942 0.3052 0.0404
Germination potential 1 7.5887 0.0106 0.2259
Germination index 1 4.4213 0.0453 0.1453
Germination rate index 1 2.7669 0.1082 0.0962
Germination vigor index 1 1.2975 0.2651 0.0475
Promptness index 1 1.6195 0.2144 0.0586
Seedling height 1 0.9865 0.3298 0.0366
Root length 1 0.6812 0.4167 0.0255
Leaf length 1 0.2486 0.6222 0.0095
Leaf width 1 0.6676 0.4213 0.0250
Green leaf area 1 0.1868 0.6692 0.0071
Seedling biomass (fresh weight) 1 0.0029 0.9577 0.0001
Seedling biomass (dry weight) 1 0.2366 0.6307 0.0090
Plant moisture content 1 0.9432 0.3404 0.0350
EC Germination percentage 1 4.3781 0.0463 0.1441
Germination potential 1 13.6543 0.0010 0.3443
Germination index 1 16.7135 0.0004 0.3913
Germination rate index 1 11.8298 0.0020 0.3127
Germination vigor index 1 90.6955 < 0.0001 0.7772
Promptness index 1 8.4610 0.0073 0.2455
Seedling height 1 50.2901 < 0.0001 0.6592
Root length 1 119.3995 < 0.0001 0.8212
Leaf length 1 183.9342 < 0.0001 0.8762
Leaf width 1 63.6336 < 0.0001 0.7099
Green leaf area 1 115.2610 < 0.0001 0.8159
Seedling biomass (fresh weight) 1 126.3511 < 0.0001 0.8293
Seedling biomass (dry weight) 1 3.3276 0.0796 0.1135
Plant moisture content 1 83.6527 < 0.0001 0.7629
GL Germination percentage 2 0.8650 0.4328 0.0624
Germination potential 2 3.3356 0.0513 0.2042
Germination index 2 5.6194 0.0094 0.3018
Germination rate index 2 3.0789 0.0631 0.1915
Germination vigor index 2 16.6980 < 0.0001 0.5623
Promptness index 2 3.9009 0.0330 0.2308
Seedling height 2 11.5835 0.0003 0.4712
Root length 2 11.2584 0.0003 0.4641
Leaf length 2 13.9920 < 0.0001 0.5184
Leaf width 2 5.3826 0.0111 0.2928
Green leaf area 2 9.7524 0.0007 0.4286
Seedling biomass (fresh weight) 2 29.9139 < 0.0001 0.6971
Seedling biomass (dry weight) 2 3.5060 0.0449 0.2124
Plant moisture content 2 19.5951 < 0.0001 0.6012
ID * EC Germination percentage 1 5.2936 0.0297 0.1692
Germination potential 1 2.3860 0.1345 0.0841
Germination index 1 4.6350 0.0408 0.1513
Germination rate index 1 5.0476 0.0334 0.1626
Germination vigor index 1 0.0136 0.9080 0.0005
Promptness index 1 3.7605 0.0634 0.1264
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Table 2 continued

Dependent variable df F P n
Seedling height 1 0.6524 0.4266 0.0245
Root length 1 0.4263 0.5195 0.0161
Leaf length 1 6.2153 0.0194 0.1929
Leaf width 1 1.8189 0.1891 0.0654
Green leaf area 1 4.2022 0.0506 0.1391
Seedling biomass (fresh weight) 1 3.5822 0.0696 0.1211
Seedling biomass (dry weight) 1 3.7861 0.0626 0.1271
Plant moisture content 1 0.1715 0.6821 0.0066
ID* GL Germination percentage 2 1.3238 0.2835 0.0924
Germination potential 2 2.0631 0.1474 0.1370
Germination index 2 0.4517 0.6415 0.0336
Germination rate index 2 0.1261 0.8821 0.0096
Germination vigor index 2 8.3815 0.0016 0.3920
Promptness index 2 0.1074 0.8985 0.0082
Seedling height 2 1.7250 0.1979 0.1171
Root length 2 20.3878 < 0.0001 0.6106
Leaf length 2 27.8969 < 0.0001 0.6821
Leaf width 2 10.7179 0.0004 0.4519
Green leaf area 2 17.6649 < 0.0001 0.5761
Seedling biomass (fresh weight) 2 18.3183 < 0.0001 0.5849
Seedling biomass (dry weight) 2 0.0841 0.9196 0.0064
Plant moisture content 2 14.5262 < 0.0001 0.5277
EC* GL Germination percentage 2 5.3309 0.0115 0.2908
Germination potential 2 5.5590 0.0098 0.2995
Germination index 2 3.2027 0.0571 0.1977
Germination rate index 2 4.1680 0.0269 0.2428
Germination vigor index 2 5.7154 0.0088 0.3054
Promptness index 2 2.3989 0.1106 0.1558
Seedling height 2 4.4652 0.0215 0.2557
Root length 2 3.9808 0.0310 0.2344
Leaf length 2 3.6720 0.0394 0.2203
Leaf width 2 0.3298 0.7220 0.0247
Green leaf area 2 0.7709 0.4729 0.0560
Seedling biomass (fresh weight) 2 4.1393 0.0275 0.2415
Seedling biomass (dry weight) 2 0.3522 0.7065 0.0264
Plant moisture content 2 5.9862 0.0073 0.3153
ID* EC* GL Germination percentage 2 4.9998 0.0145 0.2778
Germination potential 2 6.7766 0.0043 0.3427
Germination index 2 8.9481 0.0011 0.4077
Germination rate index 2 7.5520 0.0026 0.3675
Germination vigor index 2 10.4731 0.0005 0.4462
Promptness index 2 5.3772 0.0111 0.2926
Seedling height 2 5.7379 0.0086 0.3062
Root length 2 1.8899 0.1713 0.1269
Leaf length 2 16.9853 < 0.0001 0.5665
Leaf width 2 74211 0.0028 0.3634
Green leaf area 2 9.8962 0.0006 0.4322
Seedling biomass (fresh weight) 2 4.4537 0.0217 0.2552
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Table 2 continued
Dependent variable df F P 0
Seedling biomass (dry weight) 2 1.0380 0.3684 0.0739
Plant moisture content 2 6.7892 0.0042 0.3431

P < 0.05 are in boldface print

Medina-Villar et al. 2020). Specifically, the horseweed leaf
extract in HBHIH activates stronger allelopathy compared
to HBLIH. Hence, the allelopathy of the extract of horse-
weed leaves on lettuce SGe-SGr significantly increase with
the degree of invasion. Thus, the performance of SGe-SGr
of native species may be distinctively repressed when
subjected to the horseweed allelopathy under HI condi-
tions, which can accelerate the advance of the diffusion
process. More allelochemicals may be generated by the
IAPs under HI conditions compared with LI conditions (Hu
and Zhang 2013; Wang et al. 2017a, 2018b, 2019c). More
importantly, the allelochemicals excreted by IAPs can
accumulate in the invaded habitat with the increase in the
degree of invasion (Zhang et al. 2011). Thus, our obser-
vations support the first hypothesis. Unexpectedly, the
stress intensity on lettuce SGe-SGr in JSLIH is obviously
higher compared to JSHIH. This observation may be trig-
gered by different allelochemical components for the
allelopathic activity of IAPs under the conditions of dif-
ferent degrees of invasion.

Horseweed can invade plant communities across
numerous regions despite differences in temperature, pre-
cipitation, and sunlight in the regions colonized by horse-
weed. The differences in environments may affect plant
secondary metabolism, especially the production of sec-
ondary metabolites, which may subsequently affect the
allelopathic activity of IAP leaf extract on the SGe-SGr of
native species (SéZiené et al. 2012; Gatti et al. 2014; Wang
et al.2017a, b). There is no difference in the allelopathy of
the horseweed leaf extract from the three provinces on
lettuce SGe-SGr due to the similar environments of the
nine cities in three provinces along the YRC (i.e., north
subtropical climate). In contrast with the third hypothesis,
the stress intensity of JSLIH on lettuce SGe-SGr is mark-
edly higher compared to that of HBLIH. Additionally,
there are differences in the allelopathy of the horseweed
leaf extract from the three provinces on lettuce SGe-SGr in
the following order: JS > HB > AH. This may be due to
the high latitudes for the three cities in JS compared with
the latitudes in HB and AH. Plant species located in high
latitudes may allocate more biomass into leaf structure and
therefore may generate more secondary metabolites com-
pared to plants in the same species located in low latitudes

(Wright et al. 2005; Reef and Lovelock 2014). There are
also certain differences in the environments among the
three provinces. Consequently, the allelopathy of horse-
weed on SGe-SGr of native species may play a more vital
role in the diffusion in JS compared to the other two
provinces.

In sum, this can be deduced that the allelopathy of
horseweed on SGe-SGr of native species may play a key
role in its spread, especially under heavy invasion condi-
tions in high latitudes. The observations from our study can
create a solid foundation for illustrating the mechanism
underlying the successful invasion of horseweed and
affords a powerful theoretical basis as an early warning of
ecological risk. Further, these observations build a basic
practical guidance for its prevention and control.

Acknowledgements We greatly appreciate the anonymous reviewers
for the insightful comments that improved this manuscript greatly.

Authors’ contributions Congyan Wang conceived and designed this
study. Huiyuan Cheng and Bingde Wu performed the experiments.
Youli Yu, Shu Wang, and Mei Wei analyzed the data. Congyan Wang
wrote the manuscript. Daolin Du provided editorial advice. All other
authors have read the manuscript and have agreed to submit it in its
current form for consideration for publication in the Journal.

Funding This study was backed by Open Science Research Fund of
Key Laboratory of Forest Plant Ecology, Ministry of Education
(Northeast Forestry University), China (Grant No.: K2020B02) and
National Natural Science Foundation of China (Grant No.: 31770446,
Grant No.: 32071521).

Declarations

Conflict of interest The authors affirm that they have no conflict of
interest.

Ethical approval This article does not contain any studies with
animals performed by any of the authors.

Informed consent Informed consent was obtained from all individ-
ual participants included in the study.

References

Asci OO (2011) Salt tolerance in red clover (Trifolium pratense L.)
seedlings. Afr J Biotechnol 10:8774-8781

@ Springer



494

Physiol Mol Biol Plants (March 2021) 27(3):483—495

Ballesta P, Mora F, Pozo AD (2020) Association mapping of drought
tolerance indices in wheat: QTL-rich regions on chromosome
4A. Sci Agr 77:¢20180153

Callaway RM, Ridenour WM (2004) Novel weapons: invasive
success and the evolution of increased competitive ability. Front
Ecol Environ 2:436-443

Carvalhoa MSS, Andrade-Vieira LF, dos Santos FE, das Cor-
reaGragas Cardoso FFM, Vilela LR (2019) Allelopathic poten-
tial and phytochemical screening of ethanolic extracts from five
species of Amaranthus spp. in the plant model Lactuca sativa.
Sci Hortic 245:90-98

Ding TL, Yang Z, Wei XC, Yuan F, Yin SS, Wang BS (2018)
Evaluation of salt-tolerant germplasm and screening of the salt-
tolerance traits of sweet sorghum in the germination stage. Plant
Species Biol 45:1073-1081

Djurdjevi¢ L, Gaji¢ G, Kosti¢ O, Jari¢ S, Pavlovi¢ M, Mitrovi¢ M,
Pavlovi¢ P (2012) Seasonal dynamics of allelopathically signif-
icant phenolic compounds in globally successful invader Conyza
canadensis L. plants and associated sandy soil. Flora
207:812-820

Djurdjevi¢ L, Mitrovic M, Gaji¢ G, Jari¢ S, Kosti¢ O, Oberan L,
Pavlovi¢ P (2011) An allelopathic investigation of the domina-
tion of the introduced invasive Conyza canadensis L. Flora
206:921-927

Duke SO, Cedergreen N, Velini ED, Belz RG (2006) Hormesis: is it
an important factor in herbicide use and allelopathy? Outlooks
Pest Manage 17:29-33

Forbes VE (2000) Is hormesis an evolutionary expectation? Funct
Ecol 14:12-24

Gatti AB, Takao LK, Pereira VC, Ferreira AG, Lima MIS, Gualtieri
SCJ (2014) Seasonality effect on the allelopathy of cerrado
species. Braz J Biol 74:S064-S069

Hang ZH, Wu HP (2019) Zhenjiang yearbook: overview of
Zhenjiang. In: Ye ZG, Yang ZH, Pan Y, Qian JJ, Yu W, Xu S
(eds) Organized by Zhenjiang Municipal People’s Government
& Written by Zhenjiang Local Records Office, vol 28. Publish-
ing House of Local Records, Beijing, p 16

Hao JH, Qiang S, Chrobock T, Kleunen M, Liu QQ (2011) A test of
Baker’s law: breeding systems of invasive species of asteraceae
in China. Biol Invasions 13:571-580

Hess M, Barralis G, Bleiholder H, Buhr L, Eggers TH, Hack H, Stauss
R (1997) Use of the extended BBCH scale-general for the
descriptions of the growth stages of mono; and dicotyledonous
weed species. Weed Res 37:433-441

Hou QQ, Chen BM, Peng SL, Chen LY (2014) Effects of extreme
temperature on seedling establishment of nonnative invasive
plants. Biol Invasions 16:2049-2061

Hu G, Zhang ZH (2013) Aqueous tissue extracts of Conyza
canadensis inhibit the germination and shoot growth of three
native herbs with no autotoxic effects. Planta Daninha
31:805-811

Huang KR, Su YX (2014) Ezhou yearbook: city overview. organized
by Ezhou Municipal People’s Government & Written by Ezhou
Yearbook Editorial Board (Vol. 18). In: Sun JQ, Xiong CY, He
DG, Zhang HQ, Fang M, Luo BX (eds). China Academic Journal
Electronic Publishing House, Beijing, pp. 36—38

Huang SS, Sun LQ, Hu X, Wang YH, Zhang YJ, Nevo E, Peng JH,
Sun DF (2018) Associations of canopy leaf traits with SNP
markers in durum wheat (Triticum turgidum L. durum (Desf.)).
PLoS ONE 13:206226

Lawrence JG, Colwell A, Sexton OJ (1991) The ecological impact of
allelopathy in Ailanthus altissima (Simaroubaceae). Am J Bot
78:948-958

Li B, Liao CH, Zhang XD, Chen HL, Wang Q, Chen ZY, Gan XJ, Wu
JH, Zhao B, Ma ZJ, Cheng XL, Jiang LF, Chen JK (2009)
Spartina alterniflora invasions in the Yangtze River estuary,

@ Springer

China: an overview of current status and ecosystem effects. Ecol
Eng 35:511-520

Li J, Wang RL (2014) Effect of soil-water conditions on morpho-
logical plasticity and allelopathic potential of invasive plant
Ipomoea cairica (L) sweet. Ecol Environ Sci 23:1759-1763 ((In
Chinese))

Li M (2017) Nantong statistical yearbook: comprehensive Nantong
Statistics Bureau & Nantong Investigation Team of National
Bureau of Statistics. In: Yin MJ, Yin HJ, Wang J, Sun XH, Feng
X, Zhu L (eds). China Statistics Press, Beijing, pp. 4

Liu TF, Zhang CL, Yang GS, Xie GS, Zeng HL, Yin CX, Liu TM
(2009) Central composite design-based analysis of specific leaf
area and related agronomic factors in cultivars of rapeseed
(Brassica napus L.). Field Crop Res 111:92-96

Lu YJ, Wang YF, Wu BD, Wang S, Wei M, Du DL, Wang CY (2020)
Allelopathy of three compositae invasive alien species on
indigenous Lactuca sativa L. enhanced under Cu and Pb
pollution. Sci Hortic 267:109323

Medina-Villar S, Uscola M, Pérez-Corona ME, Jacobs DF (2020)
Environmental stress under climate change reduces plant
performance, yet increases allelopathic potential of an invasive
shrub. Biol Invasions 22:2859-2881

Meng WK, Chen XQ (2017) Wuhan Statistical Yearbook: Compre-
hensive & Accounting (The first edition). Wuhan Municipal
Bureau of Statistics (Vol. 23). In: Kong L, Wang Q, Wang S,
Fang F, Qiao B, Liu ZQ (eds). China Statistics Press, Beijing,
pp- 17

Mollard FPO, Naeth MA (2014) Photoinhibition of germination in
grass seed—implications for prairie revegetation. J Environ
Manag 14:1-9

Reef R, Lovelock CE (2014) Historical analysis of mangrove leaf
traits throughout the 19th and 20th centuries reveals differential
responses to increases in atmospheric CO,. Glob Ecol Biogeogr
23:1209-1214

Séziené V, BaleZentiené L, Ozolindius R (2012) Allelopathic impact
of some dominants in clean cuttings of Scots pine forest under
climate change conditions. Ekologija 58:59-64

Shah MA, Callaway RM, Shah T, Houseman GR, Pal RW, Xiao S,
Luo W, Rosche C, Reshi ZA, Khasa DP, Chen SY (2014)
Conyza canadensis suppresses plant diversity in its nonnative
ranges but not at home: a transcontinental comparison. New
Phytol 202:1286-1296

Steinmaus SJ, Timonthy SP, Jodie SH (2000) Estimation of base
temperature for nine weed species. J] Exp Bot 51:275-286

Takao LK, Ribeiro JPN, Lima MIS (2011) Allelopathic effects of
Ipomoea cairica (L.) sweet on crop weeds. Acta Bot Bras
25:858-864

Thorpe AS, Thelen GC, Diaconu A, Callaway RM (2009) Root
exudate is allelopathic in invaded community but not in native
community: field evidence for the novel weapons hypothesis.
J Ecol 97:641-645

Tobin PC, Berec L, Liebhold AM (2011) Exploiting allee effects for
managing biological invasions. Ecol Lett 14:615-624

Toscano S, Romano D, Tribulato A, Patane C (2017) Effects of
drought stress on seed germination of ornamental sunflowers.
Acta Physiol Plant 39:184

Wang CY, Xiao HG, Zhao LL, Liu J, Wang L, Zhang F, Shi YC, Du
DL (2016a) The allelopathic effects of invasive plant Solidago
canadensis on seed germination and growth of Lactuca sativa
enhanced by different types of acid deposition. Ecotoxicology
25:555-562

Wang CY, Liu J, Xiao HG, Zhou JW, Du DL (2016b) Floristic
characteristics of alien invasive seed plant species in China. An
Acad Bras Ciénc 88:1791-1797

Wang CY, Jiang K, Zhou JW, Liu J (2017a) Allelopathic suppression
by Conyza canadensis depends on the interaction between



Physiol Mol Biol Plants (March 2021) 27(3):483-495

495

latitude and the degree of the plant’s invasion. Acta Bot Bras
31:212-219

Wang CY, Liu J, Zhou JW (2017b) N deposition affects allelopathic
potential of Amaranthus retroflexus with different distribution
regions. An Acad Bras Ciénc 89:919-926

Wang CY, Jiang K, Zhou JW, Xiao HG, Wang L (2018a) Responses
of soil bacterial communities to Conyza canadensis invasion
with different cover classes along a climatic gradient. CLEAN-
Soil, Air, Water 46:1800212

Wang CY, Jiang K, Wu BD, Zhou JW, Lv YN (2018b) Silver
nanoparticles with different particle sizes enhance the allelo-
pathic effects of Canada goldenrod on the seed germination and
seedling development of lettuce. Ecotoxicology 27:1116-1125

Wang CY, Wu BD, Jiang K, Zhou JW, Du DL (2019a) Canada
goldenrod invasion affect taxonomic and functional diversity of
plant communities in heterogeneous landscapes in urban
ecosystems in East China. Urban For Urban Green 38:145-156

Wang CY, Wu BD, Jiang K, Zhou JW, Liu J, Lv YN (2019b) Canada
goldenrod invasion cause significant shifts in the taxonomic
diversity and community stability of plant communities in
heterogeneous landscapes in urban ecosystems in East China.
Ecol Eng 127:504-509

Wang CY, Wu BD, Jiang K (2019c) Allelopathic effects of Canada
goldenrod leaf extracts on the seed germination and seedling
growth of lettuce reinforced under salt stress. Ecotoxicology
28:103-116

Wang CY, Wei M, Wang S, Wu BD, Cheng HY (2020a) Erigeron
annuus (L.) Pers. and Solidago canadensis L. antagonistically
affect community stability and community invasibility under the
co-invasion condition. Sci Total Environ 716:137128

Wang S, Wei M, Wu BD, Cheng HY, Wang CY (2020b) Combined
nitrogen deposition and Cd stress antagonistically affect the
allelopathy of invasive alien species Canada goldenrod on the
cultivated crop lettuce. Sci Horticul 263:108955

Wang S, Wei M, Cheng HY, Wu BD, Du DL, Wang CY (2020c)
Indigenous plant species and invasive alien species tend to
diverge functionally under heavy metal pollution and drought
stress. Ecotox Environ Safe 205:111160

Wang CY, Cheng HY, Wang S, Wei M, Du DL (2021a) Plant
community and the influence of plant taxonomic diversity on
community stability and invasibility: a case study based on
Solidago canadensis L. Sci Total Environ 768:144518

Wang CY, Cheng HY, Wu BD, Jiang K, Wang S, Wei M, Du DL
(2021b) The functional diversity of native ecosystems increases
during the major invasion by the invasive alien species Conyza
canadensis. Ecol Eng 159:106093

Wang JB (2017) Wuhu Yearbook: City Situation. Organized by
Wuhu Municipal People’s Government & Written by Wuhu City
Party History & Local Records Office (Vol. 22). In: Cao NM,
Yan LJ, Zhao CB, Hu DB, Jia M (eds). Times Publishing Media
Co., Ltd. Huangshan Bookstore, Hefei, pp. 83

Weber E, Guo SG, Li B (2008) Invasive alien plants in China:
diversity and ecological insights. Biol Invasions 10:1411-1429

Wei M, Wang S, Wu BD, Cheng HY, Wang CY (2020a) Heavy metal
pollution improves allelopathic effects of Canada goldenrod on
lettuce germination. Plant Biol 22:832-838

Wei M, Wang S, Wu BD, Cheng HY, Wang CY (2020b) Combined
allelopathy of Canada goldenrod and horseweed on the seed
germination and seedling growth performance of lettuce. Landsc
Ecol Eng 16:299-306

Wen WB (2017) Huanggang Yearbook: Huanggang Overview.
Organized by Huanggang Municipal People’s Government &
Written by Huanggang Yearbook Compilation Committee (Vol.
21). In: Zhang J, Chen XP, Wang J, Yan J, Hu WZ, Wu D (eds).
Changjiang Publishing House, Wuhan, pp. 74-75

Wright 1J, Reich PB, Cornelissen JHC, Falster DS, Groom PK,
Hikosaka K, Lee W, Lusk CH, Niinemets U, Oleksyn J, Osada
N, Poorter H, Warton DI, Westoby M (2005) Modulation of leaf
economic traits and trait relationships by climate. Glob Ecol
Biogeogr 14:411-421

Wu BD, Zhang HS, Jiang K, Zhou JW, Wang CY (2019) Erigeron
canadensis affects the taxonomic and functional diversity of
plant communities in two climate zones in the North of China.
Ecol Res 34:535-547

Wu SH (2016) Chizhou yearbook: city overview. organized by
Chizhou Municipal People’s Government & Written by Chizhou
Local History Office (Vol. 2016). In: Sun PY, Jiang XQ, Fang J
(eds). Times Publishing Media Co., Ltd. Huangshan Bookstore,
Hefei, pp. 50-52

Xia TT, Miao YX, Wu DL, Shao H, Khosla R, Mi GH (2016) Active
optical sensing of spring maize for in-season diagnosis of
nitrogen status based on nitrogen nutrition index. Remote Sens
8:605

Xiao XW (2017) Tongling yearbook: Tongling overview. organized
by Tongling Municipal People’s Government & Written by
Tongling City Party History & Local Records Work Office (Vol.
27). In: He HQ, Chang H, Lv WQ, Zuo KP, Wang MX (eds).
Times Publishing Media Co., Ltd. Huangshan Bookstore, Hefei,
pp- 20

Yan XL, Liu QR, Shou HY, Zeng XF, Zhang Y, Chen L, Liu Y, Ma
HY, Qi SY, Ma JS (2014) The categorization and analysis on the
geographic distribution patterns of Chinese alien invasive plants.
Biodivers Sci 22:667-676 ((In Chinese))

Zangi MR (2005) Correlation between drought resistance indices and
cotton yield in stress and non stress conditions. Asian J Plant Sci
4:106-108

Zhang LX (2016) Nanjing Yearbook: City Overview. Organized by
Nanjing Municipal People’s Government & Written by Nanjing
Local Records Office (Vol. 30). In: Wang DY, Wang XH, Tian
HC, Feng N, Shi JF, Huang T (eds). Nanjing Yearbook Editorial
Department, Nanjing, pp. 79

Zhang SS, Zhu WJ, Wang B, Tang JJ, Chen X (2011) Secondary
metabolites from the invasive Solidago canadensis L. accumu-
lation in soil and contribution to inhibition of soil pathogen
Pythium ultimum. Appl Soil Ecol 48:280-286

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

@ Springer



	The allelopathy of horseweed with different invasion degrees in three provinces along the Yangtze River in China
	Abstract
	Introduction
	Materials and methods
	Experimental design
	Determination of lettuce SGe-SGr parameters
	Statistical analyses

	Results
	Effects of horseweed leaf extract on lettuce SGe-SGr parameters compared to the control
	Effects of horseweed leaf extract with different degrees of invasion on lettuce SGe-SGr parameters
	Effects of horseweed leaf extract with different concentrations on lettuce SGe-SGr parameters
	Effects of horseweed leaf extract with different geographic location on lettuce SGe-SGr parameters
	Three-way ANOVA on the effects of the degree of invasion of horseweed, the concentration of horseweed leaf extract, and the geographic location of horseweed on the values of lettuce SGe-SGr parameters

	Discussion
	Authors’ contributions
	Funding
	References




