
Introduction

Since alien invasive species can change the 
ecosystem, threaten the survival of native species, 
reduce biodiversity and damage the environment, 
there is a need to study the biological characteristics 
of harmful invasive species in order to develop 

control measures. In 2016, Amaranthus palmeri was 
included in the “List of Alien Invasive Species in 
China’s Natural Ecosystem (Batch 4)”[1]. Amaranthus 
palmeri is an annual herbaceous plant belonging to 
the Amaranthaceae family and Amaranthus genus 
[2]. It is a serious farm weed that rapidly grows  
to a height of 3 meters [3-5] and has a seed yield of 
40,000-600,000 per plant [6, 7]. Originally, Amaranthus 
palmeri was a native herb of western United States and 
northern Mexico [8, 9], which spread to various parts 
of Europe and Asia [6, 7, 10]. It was first discovered in 
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Beijing, China in 1985 [11], and since 2013 it has been 
successively discovered in Tianjin [12], Shandong [13], 
Anhui [14], Jiangxi and in other Chinese provinces 
[15]. Its diffusion rate has a tendency to accelerate. Due 
to its strong adaptability and high genetic variability 
[16], Amaranthus palmeri can grow on farmlands [17], 
abandoned lands, in deserts [8], river beds [18], garbage 
dumps and on roadsides [19]. Invasion risk evaluations 
have shown that Amaranthus palmeri has a high risk 
of invasion in North China and Central China [10, 20, 
21], which is the main grain producing area of China. 
If Amaranthus palmeri successfully invades this area, 
it will be difficult to control and will seriously threaten 
agricultural production. 

Besides, Amaranthus palmeri has a strong 
ecological advantage in invaded areas. It begins to 
sprout once ground temperature is above 18ºC, and 
it rapidly grows after emergence. After 2 weeks of 
growth, the amount of its dry matter is 65% higher  
than that of the other invasive plant Amaranthus 
spinosus, while at 2 weeks and 4 weeks, it is at least 
37% and 45% bigger in height than the Amaranthus 
spinosus, respectively [4,5]. Amaranthus palmeri 
produces viable seeds within a very short time [5]. The 
leaf area of Amaranthus palmeri is similar to that of 
corn, while being more competitive in photosynthesis 
than that of corn [22]. If removed before flowering, 
Amaranthus palmeri can still affect soybean yields 
[9]. When the density of Amaranthus palmeri reaches 
8 plants per meter in rows, soybean yields reduce by 
about 80% [17]. Therefore, Amaranthus palmeri is 
superior to short and tall crops in both growth rate and 
space occupancy, which seriously affects the growth 
and development of these crops. Besides, Amaranthus 
palmeri is resistant to glyphosate and imazethapyr 
herbicides [15, 23], and is therefore, difficult to control 
using chemicals. 

Amaranthus palmeri is characterized by fast seed 
production, a high seed yield and strong adaptability. 
For effective control, it is important to prevent the 
spread of its seeds. Therefore, it is important to 
characterize these seeds in terms of temperature, light, 
moisture, salt, and aging resistance [7].

Amaranthus palmeri prefers high temperatures, 
grows faster after germination, and accumulates more 
seedling biomass under high temperatures. Moreover, 
it has the highest net photosynthetic rate when leaf 
temperature reaches 42ºC [8]; when temperatures 
increase from 15ºC to 30ºC, seed germination rates 
increase linearly [24]; while at 30ºC/35ºC, germination 
rates and seedling biomass is at its highest [25]. 
Fresh and mature seeds cannot germinate below 
25ºC [26]. Amaranthus palmeri seeds have a higher 
germination rate than Amaranthus spinosus and 
Amaranthus tuberculatus [27]. In the Amaranthus 
family, Amaranthus palmeri, Amaranthus retroflexus, 
and Amaranthus spinosus have a similar upper 
germination temperature at about 40ºC [25, 28, 29]. 
After germination, Amaranthus palmeri seedlings grow 

faster than other Amaranthus species, which may be 
correlated with its fast germination speed [4, 22, 24]. 

During storage, the vigor of Amaranthus palmeri 
seeds may be damaged by light to a certain extent. 
Amaranthus palmeri seeds on the surfaces of Illinois and 
Missouri soils in the United States have been shown to 
seriously lose their vigor than those below the soils [19], 
while seeds exposed to light have a high germination 
rate [19, 26]. Conversely, weed seeds of the Amaranthus 
congeners exhibit diverse light requirements during 
the germination stage [16]. Seed germination rates 
of Amaranthus retroflexus, Amaranthus spinosus, 
Amaranthus blitum and other plants obtained from 
China are affected by light in different ways [28, 30]. 
Light promotes the seed germination rate of Amaranthus 
retroflexus while inhibiting seed germination rates of 
Amaranthus viridis. The other plants are not effected by 
light [28, 30].  

Amaranthus palmeri is strongly adaptable to water 
environments, and its seeds are strongly resistant to 
water logging. In areas where precipitation is between 
130 mm and 730 mm [31], Amaranthus palmeri seeds 
can still maintain a germination rate of 86% after 5 
months of water logging [18]. Amaranthus palmeri can 
grow normally when soil moisture levels reach 100% 
of soil field capacity. Moreover, when soil moisture 
reaches 25% of soil field capacity, Amaranthus palmeri 
can survive for 35 days under severe drought [32]. Its 
adaptability to drought is associated with its priority to 
developing root system [22]. 

Weed germination and seedling growth rates are 
usually affected by soil salinity and persistence of 
soil seed banks. Inhibitory effects of different salt 
concentrations on Amaranthus seeds varies from 
species to species. Germination rates of Amaranthus 
retroflexus, Amaranthus blitoides, and Amaranthus 
albus are significantly inhibited at 0.29% salinity [33], 
while germination rates of Amaranthus cruentus and 
Amaranthus tricolor are inhibited at 0.4% and 0.5% 
salinity, respectively [34, 35]. Compared to Amaranthus 
hybridus, Amaranthus viridis and Amaranthus tricolor, 
Amaranthus giganticus seeds have been shown to 
exhibit stronger salt resistance [36]. In addition, seed 
bank persistence is affected by many environmental 
factors, among which temperature and humidity are 
the most important [19, 37]. Therefore, to evaluate 
seed life, artificial aging is often accelerated in a 
high-temperature and high-humidity environment [38, 
39]. This is of great significance when evaluating the 
invasion potential of Amaranthus palmeri seeds and in 
formulating control measures. 

Amaranthus palmeri whose origin is the United 
States has different ecotypes [40]. However, after being 
introduced into China for 36 years, its adaptability to 
the ecological environment may be different from that 
of the original population. In recent years, Amaranthus 
palmeri has been spreading wildly in China. However, 
it’s still unknown whether its spreading ability is 
correlated with its adaptability to environmental 
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factors. Few studies have evaluated the response of 
Amaranthus palmeri seeds to multiple environmental 
conditions during the germination and seedling stages. 
In this study, using wild Amaranthus palmeri seeds as 
the experimental material, temperature, light, moisture, 
and salt conditions as well as seed aging characteristics 
were evaluated to establish the impact of several 
environmental factors on germination and seedling 
growth rates. Moreover, its invasion potential was 
evaluated. This study provides scientific and theoretical 
bases for the prediction of Amaranthus palmeri’s 
distribution and formulation of preventive and control 
strategies.

Experimental  

 Materials and Methods

Experimental Material

Natural Amaranthus palmeri seeds were collected 
in Xiqing District, Tianjin in 2019 and air-dried in the 
dark for 4 weeks in the laboratory. After threshing, they 
were stored in kraft paper sacks at room temperature. 

Methods

Determination of the effects of temperature 
ranges on Amaranthus palmeri seed germination: 
Using a double-layered filter paper as the germination 
bed, the germination test was performed using the petri 
dish method. Amaranthus palmeri seeds were placed 
at different temperatures to germinate in dark, and 
temperatures were set as 10, 15, 20, 25, 30, 35, 40, and 
45ºC. Evaporated water was supplied daily. By setting 
the radicle length >1/2 seed radius as the germination 
standard, germination statuses of Amaranthus palmeri 
seeds were recorded every day, germination potential 
(GP) were recorded from 1st day, while germination 
rate (GR) were recorded at the 5th day. In addition, 
radicle lengths, hypocotyl lengths, and fresh weight 
of seedlings were measured, after which germination 
index (GI) and vigor index (VI) were calculated. 

Determination of the effects of light conditions 
during the germination stage of Amaranthus palmeri 
seeds: The germination test was performed by using 
Petri dishes at a temperature of 25ºC. Seeds were placed 
under different lighting conditions: 24 h light, 12/12 h 
light/dark, 24 h dark. Procedures for determining 
germination and seedling biomass indices were the 
same as above. 

Determination of the effects of moisture 
conditions during the germination stage of 

Amaranthus palmeri seeds: Different concentrations of 
PEG6000 solutions were prepared to simulate different 
water potential environments. The correspondence 
between PEG6000 concentrations and water potential 
is shown in Table 1. After disinfection, Amaranthus 
palmeri seeds were placed on a germination bed 
with three layers of filter papers to  germinate. The 
same volume of PEG6000 solution was added to Petri 
dishes, which were then covered with sealed bags to 
reduce water evaporation. After evaporation, water 
was supplemented on the next day. The same volume 
of deionized water was used as the control. The Petri 
dish method was used to perform the germination test 
at a germination temperature of 25ºC. Procedures for 
determining germination and seedling biomass indices 
were the same as above. 

Determination of the effects of salt conditions 
during the germination stage of Amaranthus palmeri 
seeds: Different concentrations of NaCl solution were 
prepared: 4, 8, 12 g/L, and the same volume of solution 
was added to the Petri dishes. Seeds were placed on 
the germination bed with three layers of filter papers to 
germinate, after which Petri dishes were covered with 
sealed bags to inhibit water evaporation. Evaporated 
water was supplemented on the next day. The same 
volume of deionized water was used as the control. The 
Petri dish method was used to perform the germination 
test at 25ºC. Determination of germination and seedling 
biomass indices were done as above. 

Effects of artificial aging on Amaranthus palmeri 
seed germination: Amaranthus palmeri seeds were 
placed in a mesh bag, after which they were placed in 
a climate box at a temperature of 50ºC and a relative 
humidity of 100% to establish artificial aging [38]. The 
Petri dish method was used to perform the germination 
test at a germination temperature of 25ºC after artificial 
aging for 3, 6, 9, 12, 15 days, and after evaporation, 
water was added every day. Amaranthus palmeri 
seeds without aging treatment were used as controls. 
Germination and seedling biomass indices were 
determined as above. 

Statistical Analysis

GP = N1 / Nt * 100
Explanation: 
GP: Germination potential (%) 
N1: the number of germinated seeds in the 1st day
Nt: total tested sample seeds

 GR = N5 / Nt * 100
Explanation: 

Table 1. Correspondence between different concentrations of PEG6000 solution and water potential. 

Concentration of PEG6000 solution g/L 0 50 100 150 200 250 300

Water potential MPa 0 -0.06 -0.17 -0.32 -0.53 -0.79 -1.10
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GR: Germination rate (%)
N5: the number of germinated seeds in the 5th day
Nt: total tested sample seeds

GI = ( G1 / D1 + G2 / D2 + G3 / D3 
+ G4 / D4+ G5 / D5) * 100

Explanation: 
GI: Germination index 
Gi: the percentage of seed germination in i day (1≦i≦5)
Di: the corresponding germination day (1≦i≦5)

VI = GI * Ls 
Explanation: 
VI: Vigor index
GI: Germination index 
Ls :  total length of seedlings (mm)

Data was entered in Excel 2007, and transported to 
SPSS 22.0 for statistical analysis using the analysis of 
variance.

Results and Discussion

Effects of Different Temperatures on Amaranthus 
palmeri Seed Germination and Seedling Growth

  
Amaranthus palmeriseeds exhibited different 

germination trends under different temperature 
conditions (Fig. 1). They had an ability to germinate at 
15ºC~40ºC, while lacking the ability to germinate at 
10ºC and 45ºC. GR, GP and GI of Amaranthus palmeri 
seeds were highest at 40ºC. Statistically, 30ºC~40ºC 
was the most conducive temperature for germination 
(p<0.05). GP and GI were used to determine seed 
germination speed and uniformity. Germination 

uniformity was highest at 40ºC, and lowest at 
15ºC~20ºC. 

With increasing temperature, hypocotyl length, 
radicle length, and seedling fresh weight of Amaranthus 
palmeri seedlings changed to a certain extent (Table 2). 
At 25ºC, Amaranthus palmeri seedlings grew better and 
exhibited the strongest vigor. At 20ºC, the increases in 
hypocotyl length as well as VI were inhibited. When 
temperature was lower than 15ºC, all growth indices 
were significantly restricted (P<0.05); when temperature 
was higher than 35ºC, length and vigor were inhibited, 
while fresh weights of seedlings were not inhibited. 
That is, 25ºC is the most suitable temperature for 
the growth of Amaranthus palmeri seedlings, while 
temperatures lower than 20ºC or higher than 35ºC 
inhibit their growth. 

Amaranthus palmeri has a wide temperature 
adaptability, and Amaranthus palmeri from different 
sources exhibit differences [41]. Amaranthus palmeri 
seeds from California, Manhattan, and South Carolina 
have been shown to have a minimum germination 
temperature of 15ºC, and a maximum germination 
temperature of 40ºC or 45/40 ºC (day/night) [24, 25], 
which is comparable to our findings. However, there 
were differences. First, there were differences in 
germination rates at 40ºC. In this study, germination 
rate and germination speed of Amaranthus palmeri 
seeds increased with increasing temperature; but the 
germination rate of the seeds from the United States is 
only half of 25ºC at 40ºC [25]. This could be attributed 
to the fact that vigor of the tested seeds is low as the 
best germination rate only 50 %, with some of the vigor 
being inhibited by other factors, or Amaranthus palmeri 
has an increased tolerance to high summer temperatures 
after long-term migration to China. Second, optimum 
growth temperature for seeds from Manhattan is 
35/30ºC, while the optimum growth temperature for the 
growth of Amaranthus palmeri root in this study was 
25ºC [25]. This could be attributed to adaptation of 
Chinese seeds to a larger daily range of temperatures, 
which maintains their potential to grow at lower 
temperatures [42]. In terms of maximum germination 
temperature, Amaranthus palmeri is similar to invasive 
plants Amaranthus retroflexus and Amaranthus 
spinosus, but is different from other non-invasive 
species such as Amaranthus viridis and Amaranthus 
blitum [28, 43, 44]. Amaranthus palmeri seeds from 
Tianjin could not germinate at temperatures below 15ºC 
or higher than 40ºC. Therefore, in terms of temperature 
factors, Amaranthus palmeri has an intrusion risk in 
most areas of North China and Central China. 

Effects of Different Light Conditions on 
Amaranthus palmeri Seed Germination 

and Seedling Growth 

Under different light conditions, germination curves 
of Amaranthus palmeri were separated on the 1st day. 
The rate of germination under different treatments was 

Fig. 1. Germination indices of Amaranthus palmeri seeds 
under different temperatures conditions (Note: Lowercase 
letters in the figure are results from ANOVA and Duncan’s test 
among treatments with the same index; different letters indicate 
significant differences (P<0.05); error bars indicate standard 
deviations. The following are the same.)
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similar between days 2~5 (Fig. 2a). On the 1st day of 
germination, GP of seeds under 24 h dark treatment 
was significantly higher than those of seeds under 12 
h light/12 h dark and 24 h light. GR on the 5th day 
were not significantly different among the treatments 
(Fig. 2b). Light exhibited a certain delay effect on the 
germination of Amaranthus palmeri seeds, but did not 
affect the final GR. 

Under different light conditions, the growth rate of 
Amaranthus palmeri seedlings decreased in the order of 
24 h dark, 12 h light/12 h dark and 24 h light (Table 3). 
Hypocotyl length, radicle length, total seedling length 
and hypocotyl length/radicle length under 24 h light 
treatment were significantly lower than those of other 
treatments (P<0.05). There were significant differences 
in seedling fresh weights among the three treatments 
(P<0.05). In conclusion, light has an inhibitory effect 
on biomass accumulation of Amaranthus palmeri 
seedlings. 

Amaranthus palmeri seeds from different sources 
have different light requirements, and the population 

introduced in China responds negatively to the presence 
of light. In this study, treatment of Amaranthus palmeri 
seeds with visible light for 12 h light/12 h dark or 24 
h light during the germination stage did not affect the 
germination rate, but delayed seed germination and 
inhibited seedling growth and vigor. Germination of 
Amaranthus palmeri seeds from South Carolina is 
promoted by natural light (the germination rate is 16%), 
but is inhibited by darkness (the germination rate is 
6%), and the effects of the two are reversible [26, 45]. Its 
germination speed and seedling growth have not been 
studied, which needs further verification. In this study, 
we found that Amaranthus palmeri seeds germination 
speed and seedling growth speed were inhibited by 
light. In natural environments, Amaranthus palmeri 
seeds germinating on the soil surface grow slower than 
seeds covered by soil, which is not conducive for the 
rapid survival of Amaranthus palmeri, and lowers the 
growth rate of Amaranthus palmeri in no-tillage fields 
or wastelands, consistent with findings of previous 
studies [7, 46]. Seed germination rates of invasive plants, 

Table 2. Growth and vigor indices of Amaranthus palmeri seedlings at different temperatures. 

TEMP ºC HL mm RL mm SLmm SFW mg RRH VI

15 3.5±1.1 d 10.1±3.1 d 13.6±3.9 e 1.95±0.27 b 2.95±0.90 a 319±94 e

20 19.0±3.8 b 29.5±6.8 a 48.5±9.4 bc 3.76±0.10 a 1.58±0.35 b 1395±500 d

25 25.5±3.9 a 28.8±2.0 a 54.3±4.7 a 3.98±0.31 a 1.16±0.19 c 3465±275 a

30 23.6±3.0 a 27.1±4.1 a 50.7±6.3 ab 3.95±0.12 a 1.15±0.16 c 3225±384 ab

35 20.8±1.8 b 23.6±4.2 b 44.4±5.6 c 3.79±0.04 ab 1.13±0.15 c 3099±341 b

40 15.2±3.9 c 14.6±2.7 c 29.8±5.9 d 2.68±0.04 ab 1.00±0.22 c 2370±419 c

* TEMP = Temperature, HL = Hypocotyl length, RL = Radicle length, SL = Seedling length, SFW = Seedling fresh weight, 
RRH = Ratio of radicle length to hypocotyl length, VI = vigor index.

Fig. 2. The germination curve a) of Amaranthus palmeri seeds within 5 days and b) germination potential and germination rates of the 
seeds under different light conditions. Different lowercase letters in the figure are results from ANOVA and Duncan’s test among different 
treatment within the same index (P<0.05).

a) b)
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Amaranthus retroflexus and Amaranthus spinosus, are 
not affected by photoperiods [28]. Exposure to light 
should be increased after Amaranthus palmeri seeds 
have matured and fallen to the ground. There are no 
effective tillage strategies that are beneficial in reducing 
the invasive pressure of Amaranthus palmeri [16, 47, 
48].

Effects of Different Water Conditions on 
Amaranthus palmeri Seed Germination 

and Seedling Growth 

In the PEG environment with a concentration gradient 
of 50~300 g/L (water potential: -0.06~-1.10 MPa), 
 germination curves of Amaranthus palmeri seeds show 
significant separation after 1~5 days, which stabilized 
after 2 days (Fig. 3). On the 5th day of germination, 
GR among various treatments were statistically divided 
into 4 echelons, from high to low (P<0.05): 0~100 g/L, 
150 g/L, 200~250 g/L, and 300 g /L. GR at 150 g/L and 
300 g/L were reduced by 16% and 96%, respectively. 
When PEG concentration was higher than 150 g/L 
(water potential was lower than -0.32 MPa), GR of 
Amaranthus palmeri seeds was significantly inhibited 
and when PEG concentration was higher than 300 g/L 
(water potential was lower than -1.10 Mpa), Amaranthus 
palmeri could almost not germinate. 

With increasing PEG concentrations from 50 g/L 
to 300 g/L, environmental water potential gradually 
decreased and radicle length, hypocotyl length, total 
seedling length and vigor index of Amaranthus palmeri 
seedlings exhibited a trend of small increase at the 
beginning and then, a decrease (Table 4). Statistically, 
when PEG concentration was higher than 150 g/L, 
hypocotyl length and vigor index were significantly low 
than those of the control group, while ratio of radicle to 
hypocotyl length significantly increased. When PEG 
concentration was higher than 200 g/L, radicle length 
and total seedling length of Amaranthus palmeri were 
significantly lower than those of the control group 
(p<0.05). In brief, when PEG concentration was higher 
than 150 g/L (water potential is lower than -0.32 MPa), 
the growth of Amaranthus palmeri seedlings was 
inhibited by varying degrees.

Amaranthus palmeri seeds exhibit a certain 
adaptability to changes in water potential during 
germination. At a water potential of 0 MPa, 
Amaranthus palmeri seeds have a high germination rate 
and grow normally; at a water potential of -0.32 MPa, 
germination of Amaranthus palmeri seeds as well as 
seedling growth are inhibited while at a water potential 
of -1.10 MPa, Amaranthus palmeri seeds only have 3.3% 
of germination rate. The invasive plant, Amaranthus 
spinosus, cannot germinate at a water potential of 
-0.6 MPa [29]. Amaranthus cruentus and Amaranthus 
hypochondriacus germinate slowly at a water potential 
of -0.9 MPa [49,50], while Amaranthus tricolor, 
Amaranthus cruentus and Amaranthus hypochondriacus 
cannot germinate at a water potential of -1.2 MPa [49, 
51]. Drought resistance of seeds is similar to adaptability 
of plants to drought [32, 52, 53]. Amaranthus palmeri’s 
adaptability to low water potential is stronger than 
that of Amaranthus spinosus, and similar to that of 
Amaranthus cruentus and Amaranthus tricolor. During 
invasion, Amaranthus palmeri adapts to dry seasons 
or regions, and has a wider range of water adaptability 
than Amaranthus spinosus. 

Effects of Different Salt Concentrations on 
Amaranthus palmeri Seed Germination 

and Seedling Growth

At 4 g/L salinity, germination percentage of 
Amaranthus palmeri seeds was significantly inhibited 
(Fig. 4). Moreover, the GR was significantly suppressed 

Table 3. Growth and vigor indices of Amaranthus palmeri seedlings at different light conditions.

LC HL mm RL mm SLmm SFW mg RRH VI

24 h dark 15.9±3.9 a 33.6±5.9 a 49.5±8.1 a 3.10±0.28 a 2.21±0.57 a 4252±738 a

12/12 h light/dark 15.6±3.2 a 32.3±4.8 a 47.8±6.7 a 2.67±0.14 b 2.17±0.68 a 3645±1177 b

24 h light 11.4±1.3 b 19.1±2.6 b 30.5±2.9 b 2.21±0.11 c 1.70±0.32 b 1802±224 c

* LC = Light condition, HL= Hypocotyl length, RL = Radicle length, SL = Seedling length, SFW = Seedling fresh weight, 
RRH = Ratio of radicle length to hypocotyl length, VI = vigor index.

Fig. 3. Germination curve of Amaranthus palmeri seeds under 
different concentration of PEG6000 within 5 days, lowercase 
letters in the figure are results from ANOVA and Duncan’s 
test among different treatment at the same germination time 
(P<0.05).
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(p<0.05), and was only 84% of the control value. Seedling 
growth and VI did not change significantly (Table 5). At 
8 g/L salt concentration, the GR was 12% of the control 
value, and both seed GI as well as seedling growth 
index were significantly suppressed (p<0.05; Table 5). 
In conclusion, 4 g/L salinity has an inhibitory effect 
on the GR of Amaranthus palmeri seeds, while 8 g/L 
salinity strongly inhibits seed germination and seedling 
growth of Amaranthus palmeri. Amaranthus spinosus 

seeds have moderate adaptabilities to salt concentrations 
among Amaranthus species. Salt resistance trends 
of Amaranthus palmeri seeds are similar to those of 
Amaranthus cruentus [33, 54, 55], stronger than those 
of Amaranthus retroflexus, Amaranthus blitoides, and 
Amaranthus albus, and weaker than those of Amaranthus 
tricolor and Amaranthus giganticus [33, 35, 36, 56]. 
In salinized areas, Amaranthus palmeri has a higher 
invasive potential than Amaranthus retroflexus.

Table 5. Seed germination and seedling growth indices as well as vigor of Amaranthus palmeri under different salt concentrations. 

Table 4. Growth and vigor indices of Amaranthus palmeri seedlings under different water conditions. 

Fig. 4. Germination curve of Amaranthus palmeri seeds under 
different concentration of salt within 5 days, lowercase letters 
in the figure are results from ANOVA and Duncan’s test among 
different treatment at the same germination time (P<0.05).

PC g/L HL  mm RL mm SL mm RRH VI

0 25.5±4.0 a 28.8±2.0 a 54.3±4.7 a 1.16±0.2 bc 3300±271 a

50 26.0±4.8 a 27.2±6.0 a 53.2±8.9 a 1.07±0.3 c 3690±681 a

100 27.5±8.1 a 32.8±8.9 a 60.4±16.4 a 1.21±0.2 bc 3932±1046 a

150 17.7±5.8 b 30.1±7.6 a 47.8±12.4 a 1.79±0.5 b 2645±599 b

200 6.4±6.8 c 15.3±11.5 b 21.7±18.6 b 3.09±1.0 a 337±280 c

250 8.3±4.2 c 13.1±3.6 b 21.46.7 7.3 b 1.77±0.6 b 281±109 c

300 3.5±4.4 c 9.5±11.4 b 13.0±15.8 b 3.07±0.6 a 13±16 c

* PC = PEG6000 concentrations, HL= Hypocotyl length, RL = Radicle length, SL = Seedling length, RRH = Ratio of radicle length 
to hypocotyl length, VI = vigor index.

SC g/L GP % GR % GI HL  mm RL mm SL  mm RRH VI

0 36.7±2.9 a 85.0±0.0 a 60.8±1.4 a 25.47±3.95 a 28.47±2.04 b 54.28±4.75 a 1.16±0.19 b 3300±271 a

4 38.3±10.4 a 71.7±7.6 b 51.9±8.1 a 24.90±5.06 a 35.90±5.44 a 60.76±9.10 a 1.48±0.31 b 2911±514 a

8 0.0±0.0 b 10.0±0.0 c 2.9±0.7 b 7.14±8.50 b 9.62±5.39 c 16.76±13.78 b 2.40±1.41 a 42±34 b

* SC = Salt concentration, GP = Germination potential, GR = Germination rate, GI = Germination index, HL= Hypocotyl length, 
RL = Radicle length, SL = Seedling length, RRH = Ratio of radicle length to hypocotyl length, VI = vigor index.

Fig. 5. Germination curve of Amaranthus palmeri seeds under 
different artificial aging time within 5 days, lowercase letters 
in the figure are results from ANOVA and Duncan’s test among 
different treatment at the same germination time (P<0.05).



Han H., et al.688

 Effects of Different Artificial Aging Time on 
Amaranthus palmeri Seed Germination 

and Seedling Growth 

After artificial aging at 50ºC and 100% humidity for 
3 to 15 days, Amaranthus palmeri seed curves showed 
obvious separation (Fig. 5); seed germination was 
delayed after aging for more than 6 days, while GR was 
decreased after aging for more than 9 days (P<0.05). 
GR was inhibited with increasing aging time, reaching 
69% of the GR of the control group after 15 days of 
aging. 

The fresh weight of seedlings of Amaranthus 
palmeri was inhibited after seeds artificial aging for 
3 days, while the ratio of radicle to hypocotyl length 
was promoted (Table 6). The hypocotyl length and VI 
of Amaranthus palmeri seedlings were significantly 
inhibited after seeds artificial aging for 6 days, and 
all growth indices  were significantly inhibited for  
15 days (p<0.05).

There is a correlation between the viability of 
Amaranthus palmeri seeds and vigor during artificial 
aging. After 3 years of naturally existing in soils in 
Nebraska, vigor of Amaranthus palmeri seeds was 
found to be less than 10% [19, 57]; after 5 months  
of waterflooding, their vigor was found to be 86%  
[18]. Therefore, Amaranthus palmeri seeds exhibit 
a certain tolerance to short-term high temperatures  
and high humid environments [58, 59]. The effect of 
time and temperature on the viability of Amaranthus 
palmeri seeds is greater than that of humidity. 
Exposure to high temperatures for long periods of time 
can inhibit Amaranthus palmeri seed viability in soil 
seed banks.

Compared to the population in the United 
States, some adaptive changes have been reported 
in Amaranthus palmeri in China. For example, 
germination abilities at high temperatures as 40ºC 
and growth potential at 25ºC are improved, while seed 
germination speed and seedling growth are inhibited 
by light. The reasons for these differences are not clear, 
and should be evaluated further.

 Conclusions

Amaranthus palmeri seed germination exhibits the 
following characteristics: preference for hot and humid 
environments, poor adaptability to light, moderate 
drought and salt resistance when compared to other 
Amaranthus species. Moreover, seed bank persistence 
could be destroyed gradually by high temperature and 
humidity. It can be predicted that the wild Amaranthus 
palmeri in Tianjin has high invasion potential from 
North China, central China to South humid and hot 
areas, also has the risk of spreading northward under 
the trend of global warming.
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