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that occurs during dune stabilization, A. halodendron out-
competed other species through the allelopathic effect of its 
foliage litter. This helps to explain the patchy distribution 
and heterogeneity of vegetation communities in the Horqin 
Sandy Land.
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Introduction

Much of the world’s sandy land occurs in arid to semi-arid 
areas, where it has been subject to considerable degrada-
tion of the vegetation communities (Zhao et al. 2013; Zuo 
et  al. 2012). As a result, it has high potential for carbon 
sequestration if the vegetation can recover. The ecosystems 
in sandy land cover large areas, and therefore have multiple 
effects in terrestrial ecosystem, such as livestock produc-
tion from grazing (Zhao et al. 2003), sandstorm prevention 
(Li et al. 2004) and carbon sequestration (Li et al. 2012b). 
Large amounts of C are potentially stored in the soil of 
these ecosystems; soil storage may account for more than 
80% of the C and N storage in some habitats of a degraded 
grassland ecosystem (Zuo et al. 2015). The resulting C and 
N storage ranges from 35.05 to 388.13 g m−2 and 1.09 to 
16.06 g m−2, respectively, to a depth of 60 cm in a deser-
tified grassland (Li et  al. 2006). Moreover, plants are the 
major source of C for soil, and the most important organ-
isms for transforming C between organic and inorganic 
forms. Carbon dioxide captured by plants via photosynthe-
sis is released by physiological activities including respira-
tion, litterfall, root turnover, and release of root exudates. 
The net accumulation or emission of C by plants in sandy 

Abstract Vegetation recovery during succession is an 
important process for ecological restoration of the soil, 
especially in degraded sandy land. However, the driving 
mechanisms, such as how a pioneer species competes with 
other species, is uncertain. In China’s Horqin Sandy Land, 
Artemisia halodendron is an important shrub that is com-
mon on semi-fixed dunes, where it replaces Agriophyllum 
squarrosum during succession, and is an important indica-
tor species of the second stage of dune stabilization. How-
ever, how it outcompetes other species is still unclear. In 
this study, we conducted a seed bank germination experi-
ment using soil from the native habitats of A. halodendron 
on semi-fixed dunes. We covered the soil with foliage lit-
ter of A. halodendron at a range of concentrations. Seed 
germination and seedling growth were strongly affected 
by the foliage litter. Seed germination and seedling growth 
were not harmed by a low concentration (≤50 g m−2) of the 
foliage litter but severely inhibited by high concentrations 
(≥100  g  m−2). Strong allelopathy, indicated by decreased 
germination, increased seedling loss, and decreased plant 
biomass, appeared during the later stages of germination 
(after about 20  days of incubation). Our results suggest 
that as a pioneer shrub during the vegetation succession 
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land varies greatly in response to human activities and 
natural climate conditions. For example, beneficial human 
actions such as afforestation (Li et al. 2013), shrub planting 
(Miao et al. 2015), and grazing exclusion (Li et al. 2012b; 
Miao et  al. 2015) can greatly enhance C and N accumu-
lation, whereas harmful activities such as overgrazing and 
inappropriate reclamation of land for agriculture (Zhao 
et al. 2011) can cause serious degradation of the vegetation 
community, thereby reducing C and N accumulation.

Vegetation succession is a common phenomenon during 
ecosystem development, particularly in ecosystems that are 
recovering from disturbance. In sandy land, and especially 
in arid to semi-arid regions, climate variations and soil 
heterogeneity lead to a patchy distribution of plants, but 
when environmental conditions are suitable for vegetation, 
succession to more abundant and complex communities 
can occur rapidly (Zuo et  al. 2008a, 2010). For example, 
after 26 years of grazing exclusion that allowed succession 
to occur without human disturbance in the Horqin Sandy 
Land of northeastern China, species that grow on mobile 
dunes were replaced by species that grow on fixed dunes 
(Li et al. 2012a). The plant community structure, dominant 
species, vegetation cover, total plant density, and species 
richness all changed greatly (Li et al. 2012a).

Artemisia halodendron Turcz., a member of the Com-
positae, is a common sub-shrub in the Horqin Sandy Land 
and the Hulun Buir grassland of eastern Inner Mongolia, 
China. It is well adapted to mobile and semi-mobile sand 
dunes due to its high tolerance of drought, wind erosion, 
and burial by sand (Huang et al. 2011; Liu et al. 2007). It 
also has a strong ability to capture water deep in the soil 
(Ma et al. 2010). In addition, it can propagate by both sex-
ual and vegetative propagation. These characteristics help 
it to survive burial by sand, which is a common stress on 
mobile and semi-mobile dunes (Zhao et al. 2013). Thus, it 
is commonly used in sand-stabilization projects (Li et  al. 
2005), particularly in the Horqin region (Su et  al. 2005; 
Zhang et  al. 2004, 2005). Once the shrub is established, 
it grows and propagates rapidly due to its low nutrient 
requirements and its capacity for vegetative propagation, 
and it increases stocks of organic matter both through its 
aboveground and belowground growth and through its abil-
ity to trap wind-transported dust and litter (Li et al. 2005).

Foliage is important because of its ability to capture 
carbon by photosynthesis, through the high concentration 
of essential elements it stores to support metabolism, and 
via the rapid decomposition of its tissues when it enters 
the soil. Foliage also has strong effects on other organisms 
such as soil microorganisms and nearby species by means 
of allelopathy (Tesio et  al. 2012). For example, Eucalyp-
tus urophylla has a significant allelopathic effect on seed 
germination and seedling growth of three sympatric spe-
cies (Acmena acuminatissima, Cryptocarya concinna, and 

Pterospermum lanceaefolium), and the allelopathy that 
results from decomposition of its foliage is stronger than 
the allelopathy that results from root exudates and volatili-
zation of allelochemicals (Chu et al. 2014).

Allelopathy is a common mechanism that plants use 
to outcompete other species (Zhang et  al. 2016). Artemi-
sia species commonly exhibit allelopathic effects on other 
vegetation (Zuo et al. 2011). Under natural conditions, spe-
cies richness in communities dominated by A. haloden-
dron is low (Li et  al. 2012a; Zuo et  al. 2009). Given the 
high accumulation of foliage litter under the canopy of A. 
halodendron, growth of new seedlings and other species is 
rare. On this basis, we hypothesized that allelopathy could 
explain how A. halodendron can outcompete other species 
during vegetation recovery through succession. To test this 
hypothesis, we examined whether foliage litter from this 
species could restrict germination and seedling growth of 
other species. To achieve this goal, we conducted a seed 
bank experiment in which we investigated seed germina-
tion and biomass allocation along a gradient of foliage litter 
addition.

Materials and methods

Study site

This study was conducted at the Naiman Desertification 
Research Station of the Chinese Academy of Sciences 
(42°58′N, 120°43′E; elevation 360 m a.s.l.), in the eastern 
part of China’s Inner Mongolia Autonomous Region. The 
region belongs to the cold temperate zone, with a semi-arid 
continental monsoon climate. Annual mean precipitation 
from 1971 to 2015 averaged 335 mm, with high variabil-
ity (CV = 28.0%), and 86.1% of the total precipitation falls 
from May to August. The annual mean temperature is about 
6.7 °C, with a minimum monthly mean temperature of 
−12.6 °C in January and a maximum of 24.3 °C in July. The 
annual frost-free period ranges from 120 to 150 days. The 
average annual wind speed ranges from 3.4 to 4.5  m  s−1, 
but the mean wind speed during the season (spring) with 
the most severe wind erosion ranges from 5.0 to 6.0 m s−1 
(Zhao et al. 2003). The landscape is characterized by sand 
dunes alternating with gently undulating lowlands between 
the dunes (Li et al. 2010). The soil is classified as a sandy 
chestnut soil, and is highly vulnerable to wind erosion (Li 
et al. 2010).

Experimental design

In mid-September 2015, we collected foliage litter of 
A. halodendron from the soil surface below the shrub 
canopy on three semi-fixed dunes. We mixed the litter 
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together to provide a single composite sample, washed it 
with distilled water to remove the attaching soil or dust, 
and then stored it in a refrigerator to air-dry at 4 °C until 
the experiment began.

At the beginning of the following growing season (20 
April 2016), we selected five semi-fixed dunes dominated 
by A. halodendron as study plots. In each plot, we estab-
lished 20 randomly distributed quadrats (20 cm × 20 cm) 
in which we measured the litter mass. All litter in each 
quadrat was collected and taken to the laboratory. We 
then collected the foliage litter of A. halodendron (which 
was easy to identify) and washed it with distilled water to 
remove the attaching soil or dust. We then oven-dried the 
samples for 48  h at 65 °C to determine the dry mass of 
foliage litter in each quadrat. We used this data to under-
stand the range of leaf litter mass that accumulated under 
natural conditions.

At the same time when we collected the litter sam-
ples, we collected the soil seed bank to a depth of 5 cm 
from five semi-fixed dunes dominated by A. halodendron, 
with sampling of 5–10 plots on each dune. All samples 
were sieved to pass through a 2  mm mesh to remove 
gravel and larger litter. We then mixed the samples thor-
oughly to produce a single composite sample, and placed 
the resulting seed bank soil in 30 plastic pots (20 cm in 
length, 30 cm in width, and 7 cm in depth) to a depth of 
5  cm. We then divided the pots into five groups of six 
pots and added the dried foliage litter uniformly to the 
surface of the seed bank soil at one of five rates that cov-
ered the range of values we observed in our field sam-
ples on the semi-fixed dunes: 0 (the control), 25, 50, 100, 
and 200  g  m−2. Hereafter, we refer to these treatments 
as T0, T25, T50, T100, and T200, respectively. All pots 
were then labeled and placed in a greenhouse. The light 
transmittance of the glass of the greenhouse was high, 
thus, the light was fully supplied by natural sunlight. 
Temperature in the greenhouse ranged from 20 to 30 °C. 
Water was then added to each pot to field capacity; three 
holes were drilled at the bottom of each pot to prevent 
excess water. Then pots were then incubated for 50 days. 
Because of that, all soil seed bank samples collected from 
wild field in spring (20 April 2016), seed dormancy con-
dition was not considered. The number of seedlings were 
counted in each pot daily. During the incubation, each 
pot was weighed daily, and enough water was added to 
replace the water that was lost to evaporation during the 
previous day. At the end of the incubation, all above-
ground plant biomass was harvested and the litter was 
removed. The belowground biomass was then collected 
by gently washing away the soil with tap water. The 
above- and belowground biomasses were then oven-dried 
for 48 h at 65 °C and weighed to determine the dry mass.

Experimental parameters

We defined a germination index (GI) as follows 
(Omezzine and Haouala 2013):

where Gt is the total number of germinated seeds on day t.
We calculated the number of seedlings that died as 

the difference between the total number of germinated 
seeds and the final number of seedlings at the end of the 
50 days.

We defined an allelopathic index (AI) as follows 
(Omezzine and Haouala 2013):

where Tx is the maximum (or final) number of seedlings in 
treatment x, and T0 is the maximum (or final) number of 
seedlings in treatment T0.

Statistical analysis

Statistical analysis was conducted using version 20.0 of 
the SPSS software (http://www.ibm.com/software/ana-
lytics/spss/). We analyzed differences in the maximum 
and final number of seedlings, GI, seedling loss, and the 
total biomass among the treatments by means of one-
way ANOVA, with treatment as the factor. We performed 
multiple comparisons using the LSD test whenever the 
ANOVA indicated a significant difference (P < 0.05).

Results

Foliage litter distribution

On the semi-fixed dunes, the foliage litter mass of 
A. halodendron at the soil surface ranged from 0 to 
211.09  g  m−2, and averaged 89.12  g  m−2; these values 
were approximately normally distributed (skewness < 0.5, 
kurtosis ≤ 1.0). In all five plots, foliage masses had a high 
variance, with a coefficient of variation greater than 50% 
(Table 1).

Germination

Germination of the seed bank revealed three stages 
(Fig.  1). In the first stage, which lasted about 20  days, 
seeds in all treatments germinated and produced the 
maximum number of seedlings. At the end of this stage, 
the number of seedlings in T200 was significantly less 
than in the other treatments but for T100 (which was 

GI =
∑

G
t
∕t,

AI =
(

T
x
− T0

)

∕T0 × 100,

http://www.ibm.com/software/analytics/spss/
http://www.ibm.com/software/analytics/spss/
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insignificant). The second stage was about 15 days long, 
and lasted from day 20 to day 35. During this stage, 
increasing numbers of the germinated seedlings died with 
increasing incubation duration. Seedling loss differed 
among the treatments, with the greatest a significantly 
greater seedling loss in the in T100 and T200 treatments. 
T25 showed the least loss of seedlings. The third stage 
was from about day 35 to the end of the incubation. Dur-
ing this stage, the number of seedlings remained stable in 
all treatments except T0, which showed fluctuations and a 
slow decrease.

Germination index (GI) differed slightly but signifi-
cantly among the treatments, with T25 and T50 having 
significantly higher values than T200 (Fig. 2a). The maxi-
mum number of seedlings during the incubation period did 
not differ significantly among the treatments, even though 
T25 and T100 had higher numbers than the other treat-
ments (Fig. 2b). The final number of germinated seedlings 
differed significantly among treatments, with significantly 
higher numbers of surviving seedlings in T0, T25, and T50 

than in T200 (Fig. 2c). Thus, seed germination and survival 
were not harmed at lower foliage litter concentrations, but 
were inhibited at higher concentrations. Seedling loss in 
T100 and T200 was significantly higher than in T0, T25, 
and T50 (Fig. 2d).

AI was positive for T25 and T50 based on both the maxi-
mum and the final germination, and the value was higher in 
T25 than in T50 (Fig. 3). In T100, AI based on the maxi-
mum number of seedlings was positive, but it was negative 
based on the final number of seedlings. In T200, AI was 
negative based on both the maximum and the final num-
ber of seedlings, and reached the maximum value (−100%) 
based on the final number.

Seedling growth

Plant biomass differed significantly among the treatments 
(Fig. 4). The aboveground biomass is significantly lower in 
T100 and T200 than in T0, T25, and T50. That is, plant 
growth and mass accumulation for both aboveground and 
belowground tissues were not harmed by low concentra-
tions of foliage litter, but were severely inhibited by high 
concentrations. Furthermore, the inhibitory effect was 
greater for belowground biomass than for aboveground bio-
mass, and the magnitude of the inhibition increased with 
increasing litter concentration. This affected the ratio of 
belowground biomass to aboveground biomass, which was 
significantly lower in T100 and T200 than in T0, T25, and 
T50.

Discussion

Allelopathy is a common phenomenon when two species 
compete for the same habitat. The inhibition of other spe-
cies by allelopathy, especially for weeds, is commonly 
used to provide biological weed control (Fiorentino et  al. 
2009; Rawat et  al. 2013; Tesio et  al. 2011). For example, 
shoot extracts of Jerusalem artichoke (Helianthus tubero-
sus) have been reported to strongly inhibit the germination 
and seedling growth of lettuce, particularly for the diethyl 
ether extract (Tesio et  al. 2011). Both the fresh and the 

Table 1  Descriptive statistics for the Artemisia halodendron foliage litter mass distribution on semi-fixed sand dunes

N Range (g m−2) Min. (g m−2) Max. (g m−2) Average (g m−2) Standard devia-
tion (g m−2)

Skewness Kurtosis

Plot 1 20 198.97 0.00 198.97 87.82 49.86 0.49 0.12
Plot 2 20 160.59 0.00 160.59 79.99 47.82 −0.10 −0.93
Plot 3 20 182.81 0.00 182.81 92.31 56.17 0.13 −1.01
Plot 4 20 198.97 0.00 198.97 92.57 53.99 0.30 −0.37
Plot 5 20 205.43 5.66 211.09 92.90 56.57 0.48 −0.54

Fig. 1  Seed bank germination dynamics. Values represent 
means ± SE (n = 6). Treatments T0, T25, T50, T100, and T200 rep-
resent additions of 0 (the control), 25, 50, 100, and 200  g  m−2 of 
Artemisia halodendron foliage litter, respectively, to the soil surface. 
Shaded areas represent (from left to right) periods of increasing ger-
mination, seedling death, and stabilization of seedling numbers
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dry peels of the coffee (Coffea arabica) fruit significantly 
inhibit seed germination and seedling growth of Malaysian 
cabbage [Brassica chinensis var. Parachinensis (Sinskaja)] 
(Silva et  al. 2013). Furthermore, secondary metabolites 
from the root exudates of mangrove plants greatly inhib-
ited the growth of the alga Cyclotella caspia (Liu et  al. 
2013), thus allelopathy could potentially be used to control 
eutrophication (Cheng et al. 2008; Fernández-Herrera et al. 
2016; Pakdel et al. 2013).

Under natural condition, many plant species exhibited 
allelopathy, and this can offer them an important advantage 
in their competition with other species. In a forest ecosys-
tem in south of China, the allelopathic effects of eucalyptus 
appeared to be the major factor that limited the establish-
ment of other native species in eucalyptus forests by sup-
pressing seed germination and seedling growth (Chu et al. 
2014; Zhang and Fu 2009). Furthermore, allelopathy was 
considered to be an important strategy to control invasive 
plants (del Fabbro and Prati 2015; Vidotto et  al. 2013). 
However, in sandy land such as that of our study area, the 
plant community changed rapidly in response to variation 
of the biotic and abiotic environments (Zuo et  al. 2009, 

Fig. 2  The germination index 
(GI), maximum number of ger-
minated seeds, final number of 
germinated seeds, and seedling 
loss (maximum number minus 
final number) in the different 
treatments. Values represent 
means ± SE (n = 6). Bars 
labeled with different letters 
differed significantly among the 
treatments (P < 0.05). Treat-
ments T0, T25, T50, T100, and 
T200 represent additions of 0 
(the control), 25, 50, 100, and 
200 g m−2 of Artemisia halo-
dendron foliage litter, respec-
tively, to the soil surface

Fig. 3  Allelopathic index (AI) for foliage litter of Artemisia haloden-
dron based on the effects on seed bank germination for the maximum 
number of seedlings (MNS) and the final number of seedlings (FNS). 
Treatments T25, T50, T100, and T200 represent additions of 0 (the 
control), 25, 50, 100, and 200 g m−2 of foliage litter, respectively, to 
the soil surface



1018 J Plant Res (2017) 130:1013–1021

1 3

2010). Apart from the present study, we are unaware of 
any studies that focused on the allelopathy phenomenon in 
sandy areas such as the Horqin Sandy Land. In this typical 
degraded sandy grassland, vegetation succession occurred 
along the gradient of sand dune stabilization from mobile 
dunes to the fixed dunes and fully restored grassland. Dur-
ing the processes of succession, the A. squarrosum was 
transferred from a pioneer species into a dominant species, 
with a few accompanying species. It was gradully replaced 
by A. halodendron, which became the dominant species on 
semi-fixed dunes. Then, species richness increased and A. 
halodendron was replaced by other species, including A. 
frigida, Cleistogenes squarrosa, Corispermum macrocar-
pum and Salsola collina (Li et al. 2012a; Zhang et al. 2005; 
Zuo et al. 2008b, 2009, 2011).

Zhao et  al. (2003) proposed that the mechanism for 
plant succession along the gradient of dune stabilization 
depended on both the environment (wind strength and 
its ability to transport sand) and the resource availability 
(water and nutrients). However, Zhao et al. (2003) noticed 
an interesting phenomenon when semi-mobile dunes 
began to stabilize: under the canopy of A. halodendron, 

some seedlings germinated initially, but few became suc-
cessfully established and mature plants were rare. In con-
trast, in areas farther from A. halodendron, many other 
species developed successfully. This was unlikely a result 
of shading, since A. halodendron produces a relatively 
small amount of needle-shaped leaves. In these adjacent 
habitats, resource availability and environmental condi-
tion would be similar. Thus, we hypothesized that there 
was a strong allelopathic effect that inhibited seed ger-
mination or subsequent seedling growth. Seedling growth 
will be affected by abiotic factors after full root growth 
has been achieved; this suggested that under stress, 
seeds in the seed bank germinated successfully, but were 
injured or died later (Sohrabi et  al. 2016; Wang et  al. 
2016). The present results also supported this hypoth-
esis. The germination dynamics showed that the inhibi-
tory effect of the foliage litter on seed bank germination 
was slight during the initial stage, but that allelopathy 
occurred during later stages (Fig.  1). The extent of the 
allelopathy was related to the concentration of the litter, 
with much greater seedling loss in T100 and T200 than at 
lower concentrations (Fig. 2d).

Fig. 4  Differences in a above-
ground biomass, b belowground 
biomass, c total biomass, and 
d the ratio of belowground to 
aboveground biomass among 
the treatments. Values represent 
means ± SE (n = 6). Bars 
labeled with different letters 
differed significantly among the 
treatments (P < 0.05). Treat-
ments T0, T25, T50, T100, and 
T200 represent additions of 0 
(the control), 25, 50, 100, and 
200 g m−2 of Artemisia halo-
dendron foliage litter, respec-
tively, to the soil surface
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The present result also demonstrated that the allelopathic 
effect of the foliage litter of A. halodendron depended on 
the concentration. Soil seed bank germination was not 
harmed at the low levels of concentration, even in T25 and 
T50; and allelopathic indexes were both positive (Fig.  3). 
It indicated a slight promotion for germination of soil seed 
bank. However, in high levels of concentration of T100 
and T200, allelopathic index for final number of seedlings 
were negative (Fig. 3), it means that soil seed bank germi-
nation were inhibited by high concentration of the foliage 
litter of A. halodendron. A previous study of the stabiliza-
tion gradient from mobile to fixed sand dunes found that 
the species dominance value of A. halodendron on semi-
fixed dunes was 51.66, but decreased to 0.00 on fixed dunes 
(Zuo et al. 2012), with species richness values of 6.53 and 
10.53, respectively, on semi-fixed and fixed dunes. Moreo-
ver, a morphological study of A. halodendron showed that 
the canopy area, ramet number, and root/shoot ratio were 
all significantly lower on fixed dunes than on mobile dunes 
(Huang et al. 2012). These findings suggested that foliage 
litter production by A. halodendron decreased markedly as 
dune stabilization progressed, leading to a lower concentra-
tion of foliage litter that was no longer able to inhibit seed 
germination or seedling establishment of other species 
(Fig. 2). This may partially explained why restoration of the 
plant community is initially slow, but then accelerated dur-
ing later stages of dune stabilization. And this explanation 
was also demonstrated by the result of biomass differences 
among treatments (Fig. 4). In low concentration treatments 
of T25 and T50, the aboveground, belowground, and total 
biomass were all similar with control (differed insignifi-
cantly). However, in high concentration treatments of T100 
and T200, plant biomass was significantly lower than con-
trol (Fig. 4a–c). This phenomenon can be evidenced in field 
investigation (Li et  al. 2006; Zhao et  al. 2003; Zuo et  al. 
2012): dominance value of A. halodendron was lower 
while plant biomass was high in habitats of semi-fixed 
and fixed dune, and opposite vegetation feature occurred 
in mobile dune (dominated by A. halodendron and vegeta-
tion biomass is low). Furthermore, result of plant biomass 
also demonstrated that, the allelopathy mainly produced at 
the belowground (Del Fabbro and Prati 2015; Rawat et al. 
2013). In high concentration treatments of T100 and T200, 
the ratio of belowground: aboveground were both signifi-
cantly lower than the control (Fig. 4d). It indicated that, the 
foliage litter of A. halodendron inhibited plant root accu-
mulation more than the shoot.

In Horqin Sandy Land, our previous research found 
that strong winds occurred from mid-September to the 
following April (Yang et al. 2016). In winter, most of the 
plant foliage litter is produced by natural litterfall and 
by snow deposition and freezing-thawing cycles. In the 

following spring, the surface litter is then redistributed by 
the region’s strong winds, leading to considerable hetero-
geneity in the litter distribution. The present results agree 
with this previous research (Table 1).

In addition, soil properties and plant distribution in 
Horqin Sandy Land exhibited high spatial heterogeneity 
(Zuo et  al. 2008a, b, 2010). This suggested that redis-
tribution of foliage litter of A. halodendron by the wind 
may partially explained the heterogeneous distribution in 
Horqin Sandy Land.

Conclusions

During plant succession in Horqin Sandy Land, high 
concentrations of the foliage litter of A. halodendron can 
strongly inhibit seed germination and seedling establish-
ment of other species. Seedling establishment was sig-
nificantly inhibited after germination, with rapid seedling 
loss beginning around 3  weeks after incubation began. 
For seedlings that survived, both the aboveground bio-
mass and the belowground biomass were decreased at 
high foliage litter concentrations. However, at low con-
centrations, the foliage litter did not significantly inhibit 
seed germination and seedling establishment of other 
species. This allelopathic effect on the growth of other 
species may be an important mechanism that affects plant 
succession along a successional gradient during resto-
ration of sandy land. At the semi-fixed dune stage, the 
dominance of A. halodendron and its relatively high con-
centration of foliage litter gives this species an advantage 
during competition with other species; subsequently, at 
the fixed dune stage, low concentrations of the foliage lit-
ter are insufficient to control the establishment of other 
species. In future research and implications for restora-
tion practice and management, it will be necessary to per-
form chemical extraction of the foliage litter to confirm 
that allelochemicals (and not other factors such as the dif-
ficulty of shoot penetration of the thicker litter layer in 
the T100 and T200 treatments) are responsible for the 
observed results and to determine whether there is a clear 
dose–response relationship for the extracted chemicals.
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