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Abstract
Juniperus sabina L. is a native evergreen conifer of the Mu Us Sandy Land. It has prostrating stems that can prevent sand 
shifting and is an important revegetation species. Allelopathy is a phenomenon in which the chemical substances released 
from one individual have effects, both inhibitory and promotive, on other individuals and it has a considerable impact on 
revegetation. In this study, to effectively use J. sabina for revegetation, we clarified the allelopathic effects of J. sabina 
on the germination and initial growth of the native species Artemisia ordosica Krasch. in comparison with a non-native 
cultivated lettuce (Lactuca sativa L. ‘Great Lakes 366’) in semiarid areas of China, and identified volatile allelochemicals. 
To evaluate the allelopathic effects of J. sabina, the dish pack method, which measures the effects of volatile compounds 
on seed germination and initial growth, was applied and gas chromatography–mass spectrometry was used to identify the 
volatile allelochemicals. The volatile compounds from J. sabina had almost no effects on the germination of lettuce seeds, 
while the germination ratio of A. ordosica seeds was extremely low. The major volatile compounds were sabinene, α-pinene, 
and β-myrcene, which are monoterpenes and species selective. J. sabina has several advantages as a revegetation woody 
species; however, our results suggest that J. sabina could have strong inhibitory effects on some specific native species of 
the Mu Us Sandy Land. Therefore, to effectively use J. sabina for revegetation, it is important to consider both its negative 
and positive effects.
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Introduction

The desertified land area of China was ~ 2.61 million  km2, 
27% of China’s total land area, in 2014 (China Forestry 
Database 2015). Ecosystem degradation owing to deserti-
fication has a negative effect on environmental conditions 

and the lives of residents. Therefore, it is crucial to prevent 
the enlargement of the desertified land and to rehabilitate 
the ecosystem through the conservation of native plants and 
revegetation using native plants (Yao 1986).

The Mu Us Sandy Land, which is ~ 39,800  km2 
(37°–40°N) (Li and Chen 1983), is located in the middle of 
the Ordos Plateau in northern China. This is a semiarid area, 
and desertification is currently in progress (UNEP 1997; Zha 
and Gao 1997). The landscape of this area consists of fixed, 
semi-fixed and mobile sand dunes, as well as lowland.

Juniperus sabina L. (synonym Sabina vulgaris Ant.) is a 
native evergreen conifer (family Cupressaceae) that was orig-
inally widespread in the semiarid areas of northern China. It 
has prostrating stems and forms dense patches (Zhang et al. 
1997) that can prevent the sand from shifting. The main root 
of J. sabina spreads in the deeper soil layers, and the adven-
titious roots spread in the surface soil (Zhang et al. 1999). 
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The water absorbed by the main roots from the deeper soil 
layers can be redistributed to the surface soil by the adventi-
tious roots (hydraulic redistribution; HR) as the drying of the 
surface soil layer progresses after a rain event (Yang et al. 
2014; Miki et al. 2016, 2018). J. sabina would exert facili-
tative influences on the establishment and growth of other 
plants that are derived from the alleviation of soil surface 
drying by HR. Moreover, greater accumulations of organic 
and fine materials occur under J. sabina patches (Hirobe et al. 
2001). Therefore, J. sabina is an important woody species for 
revegetation in these arid regions, and planting measures and 
techniques using J. sabina are important for the revegetation 
and rehabilitation of ecosystems (Zhang et al. 1997).

Artemisia ordosica Krasch., a native Asteraceae plant, is 
another dominant species that is widespread on fixed and semi-
fixed sand dunes in the Mu Us Sandy Land. A spatial distri-
bution analysis showed that A. ordosica and J. sabina were 
distributed exclusively on a small scale (14 m × 14 m) on fixed 
sand dunes (Matsumoto et al. 2015). This may be affected by 
different environmental conditions, such as light and/or water, 
as well as by the allelopathic effects of J. sabina. Allelopathy 
is a phenomenon in which the chemical substances released 
from one individual have effects, both inhibitory and promo-
tive, on other individuals (Molisch 1937; Fujii and Hamano 
2003). Some species of the Juniperus genus, such as J. mon-
osperma (Engelm.) Sarg, and J. osteosperma (Torr.) Little, 
inhibit the germination or growth of other species distributed 
in the same region by allelopathic effects (Jameson 1966; Hor-
man and Anderson 2003; Young and Bush 2009). Therefore, 
J. sabina may have inhibitory effects on other species through 
allelopathy. To effectively use J. sabina for revegetation, it is 
necessary to consider the allelopathic effects of this species.

In this study, our goals were to clarify the allelopathic 
effects of J. sabina on the germination and initial growth of 
native species (A. ordosica) in semiarid areas of China in 
comparison with a cultivated plant (lettuce), and to identify 
the associated volatile allelochemicals.

Materials and methods

Growing conditions of studied species

Studied species were grown in an experimental field of 
the Mu Us Developmental Research Center (38°59  N, 
109°09′E; 1300 a.s.l.), located in the center of the Mu Us 
Sandy Land (Fig. 1). The mean annual temperature and 
precipitation during 1997–2011 were 7.4 °C and 303 mm, 
respectively (Yang et al. 2014). Rainfall was concentrated 
from July to September (~ 60–70%). The mean annual wind 
speed was 3.3 m s−1 (strong winds occurred mostly in April 
and May), and the windborne sand movement was great 
(Wen et al. 2005).

Plant materials

Plant materials of J. sabina were collected in the Mu Us 
Sandy Land. We selected five individuals (patches). Three 
shoots per individual were sampled, and almost all the leaves 
and branches (Fig. 2a, b) of the three shoots were cut into 
short pieces (~ 0.5 cm) and mixed. Litter was collected ran-
domly from the ground surface under the tree crown. Col-
lected litter was distinguished as fresh or degraded based on 
the leaf color (Fig. 2c, d).

Seeds of a native species from the semiarid areas (A. 
ordosica) and a cultivated plant (lettuce, Lactuca sativa L. 
‘Great Lakes 366’; Takii Seed Co. Ltd, Japan) were sown 
as the test plant materials for seed germination. Seeds of 
A. ordosica were stored in the refrigerator at 4 °C for over 
3 months before the germination experiment.

Scientific names of native species follow The Plant List 
(2013).

Dish pack method

The allelopathic pathway was divided into three parts: vola-
tilization, in which volatile chemicals are released from the 
aerial plant parts, such as leaves, leaching, in which vola-
tiles are leached from leaves or plant residue and litter by 
rain or mist, and exudation, in which volatiles emanate from 
the underground plant parts, such as roots (Fujii 1994). Our 
research focused on volatilization, and used leaf, branch, 
fresh litter (freshly fallen litter) and degraded litter of J. 
sabina (Fig. 2) in the experiments.

The dish pack method (Fujii et al. 2005; Fujii 2009; Appiah 
et al. 2015) was used to measure the inhibitory or promotive 
effects of volatile compounds on seed germination and initial 
growth. In this experiment, multi-well plastic dishes with six 
wells (36 mm × 18 mm each) were used (Fig. 3). The sixth 

Fig. 1  Photograph of a fixed sand dune in the Mu Us Sandy Land
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well was filled with 2 g of cut plant sample as the allelopathic 
treatment (Fig. 3a), while no plant sample was added to the 
sixth well of the control. Well numbers 1–5 of both control 
and treatment dishes, each contained a piece of filter paper that 
was soaked with 0.7 ml of distilled water, and seven seeds were 
placed on the filter paper in each well (Fig. 3a). The multi-well 

dishes were sealed using Scotch tape, wrapped with aluminum 
foil (Fig. 3b) and placed in an incubator. Lettuce seeds were 
incubated at 20 °C for 3 days (72 h) (Fujii 1994), while A. 
ordosica seeds were incubated at 25 °C/20 °C with a 14-h/10-h 
(day/night) photoperiod for 7 days (168 h) (Zheng et al. 2005a, 
b; Lai et al. 2010). Initial growth was evaluated by the length of 
radicles and hypocotyls. The germination ratio was evaluated 
as the ratio of the number of germinated seeds to the number of 
total seeds for the control or treatment. In addition, the relative 
germination ratio and relative growth ratio compared with the 
control were calculated as follows (Appiah et al. 2015):

and

Relative germination ratio (%)

=
Average germination ratio of treatment

Average germination ratio of control
× 100

Relative growth ratio (%)

=
Average length of radicle/hypocotyl of treatment

Average length of radicle /hypocotyl of control

× 100.

Fig. 2  Photographs of four J. sabina plant parts used in the dish pack method. a Leaf, b branch, c fresh litter, and d degraded litter

Well Nos.1–5:
Seeds: 7 
Filter paper: 1
Distilled water: 0.7 mL

a

b

Well No. 6:
Plant sample: 2 g

(allelopathic treatment)

36 mm

18 mm

Fig. 3  Top (a) and the side (b) views of multi-well plastic dishes with 
six wells used in the dish pack method
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Averages were calculated from values of five multi-well 
plastic dishes for both the treatment and control.

Identification of volatile compounds

The presence of volatiles from J. sabina was analyzed using 
the headspace method (Sekine et al. 2007). Briefly, 1 g of cut 
fresh plant material (leaf, branch, fresh litter, or degraded 
litter) was put into a glass vial (10 mL) equipped with an 
aluminum crimp seal cap with a polytetrafluoroethylene/ sili-
cone septum and was maintained for 1 h under laboratory 
conditions. A headspace vapor sample (1 mL) was with-
drawn from the bottle through the septum using a Hamilton 
gas tight syringe and then immediately injected into the gas 
chromatograph–mass spectrometer (GC–MS). Spectra were 
recorded with a QP2010 instrument (SHIMADZU Corp., 
Kyoto, Japan). Each compound was identified by comparing 
its mass spectrum to the National Institute of Standards and 
Technology library and the retention time of an authentic 
sample on the GC. Peak height was used as an indicator 
of the quantity of each compound, because the peak height 
reflects the of volatile compounds’ concentration.

Statistical analyses

The responses, as assessed by germination ratio and initial 
growth, to the volatile compounds identified from J. sabina 
were tested using a generalized linear model (GLM) with a 
binomial error distribution and logit-link function for the 
germination ratio, and a gamma error distribution and log-
link function for the initial growth. For the GLM analysis of 
the germination ratio, the number of germinated seeds was 
used as the response variable, because the number of total 
seeds in one multi-well plastic dish is fixed. For the analy-
sis of initial growth, the lengths of radicles and hypocotyls 

were used as the response variables. Akaike’s information 
criterion (Akaike 1973) was used to identify the optimal 
parameterization of the models. To avoid the effects of mul-
ticollinearity, a principal component analysis (PCA) was 
performed. We used the PCs that resulted in ~ 98% of the 
cumulative variance being explained as the predictor vari-
ables to conduct the GLM analyses. A one-way analysis of 
variance (one-way ANOVA) was used for comparing the 
effects among the four plant parts (leaf, branch, fresh litter 
and degraded litter) of J. sabina and the control. Germina-
tion ratios of lettuce and A. ordosica, as well as the relative 
germination ratio of A. ordosica, were arc sine transformed, 
and the transformed data were used for one-way ANOVA 
analyses. All the statistical analyses were conducted using 
Statistical software (R x64 3.3.2, https ://www.r-proje ct.org/
index .html).

Results

The volatile compounds from J. sabina had almost no effects 
on the germination of lettuce seeds (Fig. 4a). The growth of 
radicles was extremely low in branches, and the growth of 
hypocotyls was lowest in branches and greatest in degraded 
litter (Fig. 5; Table 1).

The germination ratio of the A. ordosica seeds was 
extremely low in all plant parts (leaf, branch, fresh litter and 
degraded litter) (Fig. 4b). Although there were no signifi-
cant differences, leaves and branches tended to show greater 
inhibitory effects (Fig. 4b; Table 1).

Among the compounds identified by the GC–MS analy-
sis, sabinene, α-pinene and β-myrcene, which had peak 
heights greater than 2% in all four plant parts (leaf, branch, 
fresh litter and degraded litter), are shown in Fig. 6. All 
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Fig. 4  Allelopathic effects of the control and four parts of J. sabina 
plants on the germination ratios of cultivated lettuce (L. sativa) (a) 
and A. ordosica (b). Values are the means ± 95% of confidence inter-

vals. Different letters indicate significant differences among the con-
trol and four plant parts in one-way ANOVA tests (P < 0.05)

https://www.r-project.org/index.html
https://www.r-project.org/index.html
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three compounds showed greater peak heights in leaves 
and branches.

Table 2 shows the results of the PCA. All three com-
pounds were contracted into one PC. The GLM analysis 
showed that models using PC1 as the predictor variable were 
selected for the initial growth of radicles and hypocotyls 
of lettuce seeds and the germination ratio of A. ordosica 
seeds, while the null model was selected for the germination 
ratio of lettuce seeds (Table 3). Thus, the initial growth of 
lettuce and the germination ratio of A. ordosica appeared 
to decrease as the amounts of these volatile compounds 
increased, while the germination ratio of lettuce was not 
affected by these compounds.

Discussion

The inhibitory effects of J. sabina were great when leaves 
and branches were used in comparison with fresh and 
degraded litter (Figs. 4b, 5; Table 1). The leaves of Juni-
perus ashei, another species of the Juniperus genus, have 
obvious inhibitory effects compared with fresh and degraded 
litter (Young and Bush 2009). The inhibitory effects of the 
leaves and branches of a native plant Caragana korshinskii 

were also greater than those of litter (Ma et al. 1999). Thus, 
the inhibitory effects of leaves and branches could be con-
siderable in various species. In particular, J. sabina may 
show greater inhibitory effects than other species under field 
conditions because of its prostrate life form.

Juniperus sabina showed little inhibitory effects on the 
germination of lettuce seeds, while the inhibitory effects on 
A. ordosica, a native species of the Mu Us Sandy Land, 
were extremely strong (Fig. 4; Table 1). In the Mu Us Sandy 
Land, J. sabina and A. ordosica are exclusively distributed 
in a small area on fixed sand dune (Matsumoto et al. 2015). 
This exclusive distribution of J. sabina and A. ordosica may 
have been caused by the inhibitory allelopathic effects of J. 
sabina. The inhibitory effects of allelopathy may represent 
crucial survival strategies to avoid competition for water 
resources under water-limited conditions, such as in the Mu 
Us Sandy Land.

Artemisia ordosica seedlings are distributed exclusively 
not only with other species (J. sabina) (Matsumoto et al. 
2015), but also with their own mature trees on fixed sand 
dunes (Zhang et al. 2015). The conditions under or beside 
individuals of other species or its own mature trees may be 
unsuitable for germination because of the competition of 
resources with other individuals. In addition, A. ordosica has 

Fig. 5  Allelopathic effects of 
the control and four parts of 
J. sabina plants on the initial 
growth of cultivated lettuce 
(L. sativa). Values are the 
means ± SEs. Different letters 
indicate significant differences 
among the control and four 
plant parts in one-way ANOVA 
tests (P < 0.05)
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Table 1  Allelopathic effects on 
the relative germination ratio 
of cultivated lettuce (L. sativa) 
and A. ordosica seeds, and the 
relative growth ratios of lettuce 
seeds radicles and hypocotyls

Values are the means ± (SEs), n = 5 per plant part
Different letters indicate significant differences among plant parts in one-way ANOVA tests (P < 0.05)

Species Plant parts Relative germina-
tion ratio (%)

Relative growth ratio 
of radicle (%)

Relative growth 
ratio of hypocotyl 
(%)

L. sativa (lettuce) Leaf 98.2 ± (1.20)a 87.4 ± (6.36)a 59.4 ± (2.04)b

Branch 98.8 ± (1.20)a 67.0 ± (5.53)b 43.6 ± (2.38)c

Fresh litter 97.6 ± (1.47)a 104.6 ± (4.80)a 66.2 ± (4.93)b

Degraded litter 99.4 ± (0.60)a 106.6 ± (7.61)a 95.8 ± (5.82)a

A. ordosica Leaf 3.2 ± (0.81)b No data No data
Branch 0.9 ± (0.88)b No data No data
Fresh litter 12.8 ± (0.44)a,b No data No data
Degraded litter 20.0 ± (1.41)a No data No data
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inhibitory effects on the germination of its own seeds (Gao 
et al. 2014). Therefore, for A. ordosica, the high sensitivity 
to allelochemicals emitted by other individuals may be a 
survival strategy to avoid resource competition.

The major volatile compounds of J. sabina, sabinene, 
α-pinene and β-myrcene, are monoterpenes. Monoterpenes 
inhibit mitosis, cell nucleus and organelle DNA synthesis, 
and cause the deterioration of membrane integrity (Dayan 

et  al. 2000; Romagni et  al. 2000). Therefore, sabinene, 
α-pinene and β-myrcene would be volatile allelochemicals 
of J. sabina. Moreover, the inhibitory effects of monoterpe-
noids are species selective (Williamson et al. 1992; Abrahim 
et al. 2000; Vokou et al. 2003; Loi et al. 2008). In our study, 
the three compounds showed no inhibitory effects on the 
germination ratio of lettuce; however, they showed strong 
inhibitory effects on A. ordosica. Thus, the inhibitory allelo-
pathic effects of J. sabina could be species selective.

Juniperus sabina is an important species for revegetation 
under arid environmental conditions in China. It has pros-
trating stems that spread radially, which can prevent sand 
shifting and could alleviate soil surface drying by HR (Yang 
et al. 2014; Miki et al. 2016, 2018), leading to a high nutrient 
accumulation under their patches (Hirobe et al. 2001). Thus, 
J. sabina has advantages as a revegetation woody species. 
Here, we showed that this species may also have inhibitory 
effects on the establishment or distribution of other species. 
To effectively use J. sabina for revegetation, it is impor-
tant to consider both its positive and negative effects and to 
construct appropriate measures for revegetation. The allelo-
chemicals of J. sabina, sabinene, α-pinene and β-myrcene, 
appear to be species selective (Williamson et  al. 1992; 
Abrahim et al. 2000; Vokou et al. 2003; Loi et al. 2008). 
Therefore, further verification of the allelopathic effects of 
J. sabina on other native species in addition to A. ordosica, 
could assist in the revegetation and rehabilitation of dryland 
ecosystems.
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Importance of components: PC1
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growths of lettuce seeds radicles and hypocotyls

PC1 principal component 1, AIC Akaike’s information criterion
Values in parentheses indicate standard errors, ***P < 0.001, 
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