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Abstract To explore the regeneration properties of a

Populus euphratica Oliv. forest under unstable environ-

mental conditions, we performed replicate censuses to

determine the sapling dynamics of a P. euphratica popu-

lation in the vicinity of the Ejina Oasis (Inner Mongolia).

Even when the stands were established on riverside flat-

land, we detected slight variations in ground levels and salt

concentrations. Due to leaching by flood water, the salinity

of topsoil was lower in the riverbed than on the riverbank.

Newly recruited saplings grew on riverbanks with high-

salinity soil. Saplings were distributed over a wide area via

fluctuating water levels, and those growing where salt

levels were relatively low were able to grow more easily

and become canopy trees. Small individuals comprise a

sapling bank on the forest floor that is relatively stable. The

dieback of larger saplings results in few reaching a height

of more than 2 m. The growth of saplings (including new

recruits) is balanced by the death of smaller saplings and

the dieback of larger saplings. Individual saplings persist

for about 4 years on the forest floor. In summary, hydro-

logical events coupled with soil conditions may drive

vegetation distribution patterns in riparian areas in arid

regions. P. euphratica forests regenerate via a sapling bank

rather than a seed bank. Yearly fluctuations in water flow

facilitate the spread of the sapling bank, which guarantees

regeneration of the forest. Dieback through partial defoli-

ation is a mechanism used by saplings to escape adverse

conditions, thereby maintaining a stable state in arid

regions.

Keywords Sapling dynamic � Ground level � Soil salinity �
Sapling bank � Dieback

Introduction

Populus euphratica Oliv. is a species of Salicaceae that

forms riparian forests in arid and semiarid regions

extending from central and western Asia to North Africa

and southern Europe. Mature trees usually reach 10–18 m

in height. Regeneration is both sexual and asexual. Large

numbers of small seeds are shed over several months

(July–September) and germinate on freshly deposited sites

formed by river floods in the summer (Thevs et al. 2008).

Sprouts also grow from lateral roots, which spread in the

surface soil layer within 20 cm below the surface and can

extend up to 40 m from the parent tree (Wiehle et al.

2009).

P. euphratica forests in arid regions are sustained by

rivers and groundwater, and regeneration is largely

dependent on river flow (Hua 2003; Thevs et al. 2008; Zhu

et al. 2012). The volume of flowing water fluctuates

depending on weather conditions in the upper reaches of

the rivers, as is common in drylands, and it is also under the
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influence of intensive agricultural production (Li et al.

2000; Zhao et al. 2007; Haney et al. 2008). Along the

lowest reaches of the Heihe River (Ejina Oasis), which

originates in the Qilian Mountains and flows into the West

and East Juyanhai Lakes, large riparian P. euphratica

forests have become established. However, because several

reservoirs have been built in the middle reaches of the river

to support a growing human population, the amount of

water supplied to the Ejina Oasis has declined year by year.

In addition, local people have over-cultivated and over-

grazed animals in these P. euphratica forests for many

years. As a result, most of the P. euphratica forests in the

Ejina Oasis have been negatively impacted and failed to

regenerate either sexually or asexually (Cao et al. 2012).

Successful regeneration is essential for a forest to construct

a good structure to stay healthy, and restore and maintain

its dynamic stability (D’Amato et al. 2009; Gauthier et al.

2015; Nyland et al. 2006), so it is important and necessary

to understand the regeneration of P. euphratica.

Tree regeneration under a canopy layer depends on the

establishment of recruits under newly opened canopy gaps

before the immigration of other plant species. However, the

seeds of P. euphratica retain the ability to germinate for

only 1 week (Zhang et al. 2005), and germination is limited

to the margins of flowing water or in shallow puddles,

which may not always be located under canopy gaps.

Suckers thus seem to be an effective strategy to close gaps

between germination rows and contiguous forest (Wiehle

et al. 2009). Regeneration by seeds is rare for a

P. euphratica forest. The maintenance of a sapling bank

under a stable canopy (rather than a seed bank) represents

an effective regeneration mechanism for some tree species

with intermittent production of small short-lived seeds

(Hara 1987), which may be the case with P. euphratica. To

elucidate how P. euphratica forests maintain themselves

under unreliable conditions, it is necessary to understand

how they attain stability via their two regeneration strate-

gies. Barsoum (2002) studied the sexual and asexual

regeneration strategies of Populus nigra L. var. betulifolia

and Salix alba L. var. alba, which are like P. euphratica in

having two regeneration strategies, and found that sexual

and asexual regeneration were spatiotemporally different

and could be affected by different environmental condi-

tions, such as unseasonal floods and land elevation. Thevs

et al. (2008) found that the successful establishment of

P. euphratica seedlings was restricted to germination

events as it depended highly on flood events during the

following year. Flood is a main factor in the seedling

germination and establishment of P. euphratica.

Although many researchers have focused on the

regeneration of P. euphratica, knowledge of how its

saplings guarantee the stability of its forests is lacking.

Therefore, we investigated the stand structure and

dynamics of a relatively stable P. euphratica forest in the

Ejina Oasis to elucidate the temporal and spatial interac-

tions between saplings and canopy trees, while focusing

on the dynamics of saplings; we also determined the

effects of site conditions on the spatial structure of these

riparian stands.

Materials and methods

Study area

A natural forest of P. euphratica, located in the lower

reaches of the Heihe River (Ejina County, Inner Mongolia

Autonomous Region, China; 39�520–42�470 N, 97�100–
103�70 E; Fig. 1) where typical hyperarid desert conditions

prevail, was selected as the study area. Mean annual pre-

cipitation and mean annual potential evapotranspiration are

40 and 4200 mm, respectively (Zhao et al. 2004), and thus

the riparian forest in Ejina Oasis is largely dependent on

the Heihe River as a source of water. More than 60–70 %

of the rainfall falls between July and September (Wen et al.

2005), and the basin elevation ranges from 898 to 1598 m

above sea level (Wen et al. 2005).

Experimental plot

A 100 9 100-m permanent experimental plot was estab-

lished in the western sector of the Ejina Oasis in 2005

(Fig. 1). Elevation and topsoil electrical conductivity (EC)

were determined in 2010 using a mini-compass and an EC

meter (Conductivity Meter-14; HORIBA, Kyoto),

respectively.

Tree census

Tree censuses were carried out annually during the period

2009–2012. All trees were numbered and their coordinates

determined. In 2009, the heights of dead and living trees,

diameters at breast height, and crown projection areas were

measured. From 2010 onward, newly emerged individuals

were numbered and the same measurements were made.

Trees shorter than 2 m were considered saplings (Li et al.

2014). From the census data for 4 years, the turnover time

of saplings was calculated by following the procedure of

Masaki et al. (2006). To analyze the processes of germi-

nation and settlement, in 2010 saplings were classified as

being either at the ‘‘new sapling stage,’’ comprising sap-

lings recruited in the current year, or at the ‘‘old sapling

stage,’’ comprising saplings that had survived at least

1 year. All trees in the plot were divided into three growth

stages: newborn sapling stage, old sapling stage, and

canopy tree stage.
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Annual birth rate and mortality rate

The annual birth rate (B) and mortality rate (M) were

calculated as:

B %ð Þ ¼ nbir=nallð Þ � 100 ð1Þ
M %ð Þ ¼ nmor=nallð Þ � 100 ð2Þ

where nbir is the number of newly recruited saplings in the

current year, nmor is the number of saplings that died in the

current year, and nall is the number of all saplings in the

year before the current year.

Turnover time

Following Masaki et al. (2006), the turnover time was

calculated. The average mortality rate (D) is calculated as:

D %=yearð Þ ¼ ln n1st=nsurð Þ=y� 100 ð3Þ

The average recruitment rate (N) is calculated as

N %=yearð Þ ¼ ln nlast=nsurð Þ=y� 100 ð4Þ

The turnover time (T) is calculated as

T yearð Þ ¼ 1=Dþ 1=Nð Þ=2� 100 ð5Þ

Where n1st is the number of saplings in the first year of

the study, nlast is the number of all saplings in the last

year of the study, nsur is the number of saplings surviving

the first year in the last year of the study; and y is the past

years.

Data analysis

Normality tests to choose an appropriate correlation coef-

ficient for the EC value and elevation were performed, and

the correlation coefficient of the two variables was calcu-

lated using SPSS 17 (SPSS, Chicago, IL).

The regression analysis used to examine the relationship

between net growth and dieback and initial height was

performed using SAS 9.2 (SAS Institute, Cary, NC).

To analyze spatial associations among the three growth

stages and two site conditions, EC values and the elevation

of each subplot were classified into ten ranks by each 3 mS

cm-1 and eight ranks by each 4 cm, respectively. The

indices of local association (X) (Perry and Dixon 2002)

were calculated for each pair of variables. The X value

indicates positive and negative associations when X[ 0

and X\ 0, respectively. The statistical significance of the

index was tested at a = 0.05 (Perry and Dixon 2002). The

analysis was performed using the Spatial Analysis by

Distance Indices (SADIE) software package available at

http://home.cogeco.ca/*sadiespatial/index.html.

Results

Site conditions

Figure 2 shows the contour lines of ground elevations in

the plot. Elevation varied by about 80 cm. A shallow

Fig. 1 Study area in northwestern China
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riverbed ran from south to north in the western sector of the

plot. The spatial change in topsoil salinity depicted in

Fig. 3 indicates that the east side of the plot was saltiest. As

the topsoil salinity data do not follow a normal distribution

(P[ 0.05 for elevation value, P\ 0.05 for EC value),

Spearman’s q was calculated, which showed a significant

positive association between them (Spearman’s q = 0.492,

P\ 0.01).

Dynamics of saplings

Figure 4 shows the frequency distributions of tree heights

for four different cohorts, i.e., saplings older than 2009 and

those recruited in 2010, 2011, and 2012. The height of most

of the saplings ranged from 60 to 100 cm. The mode of tree

height frequency distribution of the cohort older than 2009

gradually moved from 60 to 100 cm, while the distribution

of those generated in 2010 and 2011 moved from 60 to

80 cm, indicating that saplings gradually grew each year.

However, fewer than 1 % of saplings could reach the

canopy level in the last 4 years, showing some restraining

effects on P. euphratica saplings at 2-m height.

The annual birth rate was calculated using Eq. 1. In

2010–2011, roughly 30 % of the saplings were new

recruits; such a high rate of new entry in 1 year reflects

vital, continuous regeneration activity, but the magnitude

of new entry fluctuated widely from 9.4 % (2011–2012) to

29.4 % (2010–2011), indicating that germination was

readily affected by environmental conditions. The annual

mortality rate was calculated using Eq. 2. The mortality

rate was stable at 20–30 % every year, indicating that

saplings grow relatively steadily once settled.

From Eqs. 3–5, the turnover time, which represents the

period during which the saplings persisted in the under-

story, was calculated to be 4 years. Through the experi-

mental period, very few saplings (\1 %) made the

transition from 2m height to the canopy tree class (Fig. 4).

Therefore, most saplings persisted for about 4 years in the

understory before being replaced by new recruits.

The relationship between height growth and initial

height is shown in Fig. 5. Height growth (including die-

back) shows a negative trend with initial height. Smaller

saplings did not show high survival rates but maintained

greater positive height growth and grew into large saplings.

In contrast, larger saplings did not grow well but main-

tained high survival rates.

Figure 6 shows the changes in the summed total height

and density of saplings in the census years. Summed total

Fig. 2 Topography of the study site
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height increased from below 300 m in 2009 to almost

400 m in 2010, and was stable between 350 and 400 m

from 2010 to 2012. The density of saplings was almost

constant over the 4 years.

Spatial distributions and associations

The spatial distributions of site conditions and trees in three

different growth stages are presented in Fig. 7. A positive

association was observed between elevation and topsoil

salinity, and significant positive associations were also

observed among all three tree growth stages (Table 1).

Newly recruited saplings had positive associations with

both elevation and topsoil salinity. The distributions of

older saplings were positively associated with topsoil

salinity but not elevation (Table 1). In contrast, those of

canopy trees were positively associated with elevation but

not topsoil salinity (Table 1).

Discussion

Flood events greatly affect environmental conditions and

vegetation in arid regions. Floodwater can leach salt down

from the topsoil layer (Salazar et al. 2014), which explains

why the salinity of topsoil in the riverbed was lower than

that of topsoil on the riverbank (Figs. 2, 3). Furthermore,

salinity showed a positive association with ground eleva-

tion (Table 1). Flood water can also influence the germi-

nation of P. euphratica (Thevs et al. 2008). Suitable places

for settlement of P. euphratica are restricted to certain

limited site conditions along the river in a belt of the

riverbank (Thevs et al. 2008; Fig. 7); therefore, newly

generated saplings showed a positive association with

ground elevation and topsoil salinity (Table 1). The dis-

tribution of older saplings was wider than that of newborn

saplings in this study (Fig. 7), demonstrating that

P. euphratica saplings are greatly affected by hydrological

(m)

(m)

mS cm–1

Fig. 3 Distribution of soil salinity; the geographic orientation matches Fig. 2
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Fig. 4 Changes in the frequency distribution of sapling height in four different cohorts: open bars 2009, hatched bars 2010, cross-hatched bars

2011, filled bars 2012

Fig. 5 Relationships between sapling growth in height and initial

sapling height in three different time periods: a 2009–2010,

b 2010–2011, c 2011–2012. Circles Net growth and dieback, crosses

dead saplings, solid lines fit, shading 95 % confidence limits, dashed

lines 95 % prediction limits
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dynamics; i.e., saplings will be distributed in higher loca-

tions when water levels are high and lower locations when

levels are low. Thus, an independent association was

observed between old saplings and elevation; however, a

positive association indicated that saplings were also dis-

tributed in zones of high soil salinity. The distribution of

saplings was determined by the fluctuation in water flow

every year. Although most studies have pointed out that

high levels of salt are detrimental to the growth of

seedlings (Shumway and Bertness 1992; Xie et al. 2015),

P. euphratica saplings adapt somewhat to salt stress (Shi

et al. 2012) and soil salt concentration, provided that this is

below a threshold value that allows life, allowing

P. euphratica seedlings to settle and establish on land with

relatively high soil salinity. However, less salt is better for

photosynthesis and the accumulation of biomass (Li et al.

2010), which facilitate P. euphratica growth so that they

become canopy trees. Therefore, canopy trees tend to be

distributed in soils where salt concentrations are lower than

in the places where saplings grow and higher than in the

riverbed. Consequently, canopy trees show independent

associations with soil salinity. Hydrological events coupled

with soil conditions may drive the distribution patterns of

vegetation in riparian areas of arid regions.

To secure sustainable regeneration, it is important that a

large number of young plants that can persist for years are

maintained as a sapling bank on the forest floor, where they

can await the occurrence of canopy gaps. In the

P. euphratica forest that we studied, large numbers of

saplings grew on the forest floor (Fig. 7). On average,

saplings persisted for about 4 years, thereby allowing the

formation of an effective sapling bank. Although few

saplings (\1 %) in the sapling bank grew into the canopy

tree class ([2 m tall; Fig. 4), the stable densities and
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Fig. 6 Changes in summed total height and density of saplings over

4 years

Fig. 7 Spatial distributions of a new saplings, b old saplings (age[ 1 year), c canopy trees in 2010 within the experimental plot

Table 1 Spatial associations in

2010
Old saplings Newborn saplings EC Topography

Canopy trees 0.2759* 0.2294* 0.1009 0.3678*

Old saplings 0.7517* 0.3067* 0.1602

Newborn saplings 0.4393* 0.3743*

EC 0.4663*

Values are indices of association

* P\ 0.05 (significant positive association) (X)
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heights of young individuals (Fig. 6) suggest that the sap-

ling bank of P. euphratica can remain stable for a long time

and thus allow regeneration. The existence of a sapling

bank may guarantee the prompt replacement of canopy

trees that die. This combination of demographic mecha-

nisms indicates that the relationship between sapling

mortality and growth (including new recruitment) is a

regulator of P. euphratica forest dynamics.

The leaf area of P. euphratica is affected by partial

defoliation of their distal parts (dieback) (Monda et al.

2008), which reduces their water consumption. However,

not all saplings suffer dieback; each year, some grow well

while others die back. In our experimental plot, larger

saplings suffered dieback more often than smaller saplings;

smaller saplings are sensitive to the various environments

encountered and grow well even when the risk of mortality

is high (Fig. 5), which results in most saplings being about

60–100 cm high (Fig. 4). Hence, saplings shorter than

60 cm grow easily but tend to die, while those taller than

100 cm are susceptible to dieback. The high rates of sap-

ling loss and dieback in the sapling bank are balanced by

vital new recruitment and growth each year. Dieback

guarantees that saplings can live on the forest floor for

many years and construct a sapling bank. New recruitment

and growth balanced by sapling loss and dieback results in

a stable sapling bank. Such mechanisms enable P.

euphratica to regenerate in the unstable environment of

arid areas.

Conclusions

In the Ejina Oasis, the dynamics of the Heihe River drive

the distribution of environmental conditions and vegeta-

tion. The germination and establishment of P. euphratica

saplings are greatly affected by river dynamics. Seed ger-

mination and sapling recruitment were limited to the

riverbank, and yearly fluctuations in water flow increased

the distribution area of saplings and constructed a sapling

bank on the forest floor. This sapling bank guarantees (that)

individual saplings escape certain disadvantages and sur-

vive for a long time. Annual growth is balanced by dieback

and allows the species to maintain a stable state on the

forest floor. This regeneration mechanism is adapted to the

unstable environmental conditions in arid regions.

The amount of water supplied to the Ejina Oasis has

declined annually because several reservoirs have been

built in the middle reaches of the Heihe River to support a

growing human population. In addition, residents have

over-cultivated and overgrazed animals in these P.

euphratica forests for many years. As a result, most of the

P. euphratica forests in the Ejina Oasis have been nega-

tively impacted and failed to regenerate either sexually or

asexually (Cao et al. 2012). To restore P. euphratica forests

in the Ejina Oasis, it is necessary to draw off water regu-

larly from reservoirs in the middle reaches every year.
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