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Abstract

The development of sandification process was studied, by monitoring the changes of sediment characteristics, at marsh-
sandy land intersections in China’s Songnen region. A series of sediment collection plates were deployed in the region; after
one year, sediments in these plates were analyzed for changes of mass and chemical characteristics. The sediment flux and
the sand content of the sediments decreased with the increasing longitudinal distance between the sampling site and the
centre line of a sand dune. The mean sediment flux was 29614 kg m22 yr21 and 0.660.3 kg m22 yr21 in the sandy land and
marsh, respectively. Strong, positive correlations were found between the concentrations of organic matter, total nitrogen,
P, Fe, Ti, V and Zr, all of which were also negatively correlated with the sand content. The concentrations of organic matter,
total nitrogen, P, Fe, Ti, V and Zr in the marsh sediment samples were all significantly greater than the corresponding
concentrations of the sandy land (p,0.001). Sand content and Ti, V and Zr concentrations all proved to be valid indicators of
sandification intensity, and they showed that the marsh could be divided into three distinct zones. Sand expansion
extended about 88 m into the marsh. The mean sand content in the sediments of the sandy land was 91% and then 64% in
the marsh, which in turn was higher than that of marshes outside the influence of sandification, suggesting that the marsh
in the marsh-sandy land transitional area has already undergone extensive sandification in the past. The study results
provide information on the wetland’s function of indicating and buffering the sandification process.
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Introduction

Sandification refers to the coarsening process of the land surface

after fine particles are lost to aeolian erosion. Sandification forms a

stage in the development of desertification [1]. The Songnen Plain,

as the largest plain of 18.36104 km2 in Northeast China and one

of the commodity grain production bases in China, has been

identified as a key area of sandification control [2]. Its western part

is a wide semi-arid sandy land on the eastern extension of the Gobi

desert and Inner Mongolian steppe [3]. Historically, the Songnen

Plain is an alluvial–proluvial and lacustrine plain during the

Mesozoic. During the Pleistocene, strong sand driving winds and

sandstorms caused by Baikal and Mongolian high-pressure

systems, through which sandification formed and expanded into

the middle and east of Songnen Plain [4]. Since the mid-20th

century, desertification has increased rapidly under the threat of

improper land use and climate change. The sandification area

covers 7.25% of the total area at present [5]. Because of its

geological background, considerable wetlands distribute in the

Songnen Plain with the area of 2.966104 km2 [6]. Zhalong,

Xianghai and Momoge National Nature Reserves and other local

wetland reserves protect the endangered and rare waterfowl (i.e.

Grus japonensis, Grus leucogeranus) with international importance. The

domain wetland plant is Phragmites australis.

The Plain has alternating landscapes of sandy lands and

wetlands (marshes and lakes) with frequent changeovers between

strong and weak impacts of sandification. Little attention has been

focused on the relationship between sandification and marshes in

the wetland-sandy land transitional areas. Numerous studies have

focused on the relationships between loess sediments and

sandification in the loess-desert transitional areas [7,8,9]. The

sediments of the loess and the wetlands both contain historical

archives of surrounding landscapes, leading to the hypothesis that

the sediments of a wetland should record sandification in the

wetland-sandy land transitional areas.

Wetlands are strongly influenced by input of matter from

surrounding landscapes and play an important role in recording

changes in climate and environment-altering human activities

[10,11,12]. Extensive studies of wetland sediment cores reveal

large amounts of information on the development history of both

the wetland and the surrounding landscapes [13,14]. Although the

surface sediments of wetlands should reflect current environment

events, there has been very little research done on this [15].

Sandy land contains mostly sand-size particles (coarser than

63 mm in diameter), while wetlands contain mostly silt and clay-

size particles (finer than 63 mm) [16]. The sand-sized particles are

usually carried by the wind and trapped in the wetlands directly

next to the sandy land because of the dense vegetation cover and
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wet ground. Whether the sand contents in wetland sediments can

be used to determine the intensity of sandification has not been

proved. Moreover, in a wetland ecosystem, sediment deposits act

as a sink for a wide range of environmental chemicals [17]. We

hypothesize that the concentrations of some inert elements can be

used as indicators of sandification intensity.

Some wetlands are located at the margin of the sandy lands and

may act as barriers against sand expansion, which is qualitatively

easy to observe and understand, as the wetland’s dense vegetation

cover slows down the wind speed [18,19] and traps the sands

carried by the wind, which then decreases the transport distance of

the sand. However, to verify and quantify these barrier effects

requires specific field investigations. We hypothesize that there will

be a gradient in sand content in general and also concentrations of

some chemical elements, in the surface sediments from the sandy

land to the downwind wetland. We therefore predict that these

data will allow us to determine the degree to which the wetland is

defending against sand expansion.

This study was conducted in a marsh-sandy land transitional

area on the western Songnen Plain, China. There were three

major, specific objectives to this work: (1) to quantify the sediment

flux, the sand content and geochemical characteristics in surface

sediments in the marsh-sandy land transitional area; (2) to link

these characteristics with sandification and assess the indicators of

the degree of sandification; and (3) to test the assumption that the

marsh is blocking sand expansion and to determine the distance of

the barrier to sand expansion. The results will facilitate the

protection of wetlands and the governance of the sandy land in the

wetland-sandy land transitional areas.

Materials and Methods

Location of the Study
The Niuxintaobao Reed Field (123u219E, 45u149N) is situated

in the western Songnen Plain, China. At an altitude of 140 m, this

area of more than 40 km2 is the floodplain of the Huolin River

[20], in which wetlands, sandy land, farmland and forest land are

distributed. This area is located in a semi-arid climatic zone, with

an annual average temperature of 4.3uC (varying from 218uC in

January to 23uC in July) and an average annual precipitation of

413 mm, more than 70% of which occurs from June to August [2].

The climate is classified as temperate continental monsoon [20].

The prevailing wind direction is southwest and northeast in

summer and winter, respectively. Seasonal droughts in winter,

spring and autumn mainly lead to the sandification. The wetlands

are being degraded due to seasonal drought, sandification and

high-intensity agricultural activities [2]. This increasing sandifica-

Figure 1. Arrangement of sampling sites in the field experiment. The sediment plate matrix (15 rows 63 columns) was set in a marsh-sandy
land transitional area. The length of the column was 176 m, while that of the row was 20 m. Four rows were set in the sandy land, and eleven rows
were set in the marsh. The column length in the marsh was 156 m. The sediment plates on a column were at longitudinal distances of 0, 4, 8…,
176 m to the centre line of the dune. The plates in each row were replicates (n = 3) with the same longitudinal distance to the centre line of the dune,
with a lateral interval of 10 m between each plate.
doi:10.1371/journal.pone.0099715.g001
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tion and the degradation of the wetlands are the main

environmental and ecological problems of this area.

Arrangement of sampling sites
A marsh-sandy land transitional area was chosen for the field

experiment. The dominant marsh plant is Phragmites australis, with

an average height of 150 cm and an average density of 80–100

stem m22. The start point of the marsh is defined as the edge of

the Phragmites australis and is about 17 m from the centre line of the

nearest sand dune. The sediment plate array (15 rows63 columns)

was installed in the marsh-sandy land transitional area on April

19th, 2010, as depicted in Figure 1. The prevailing northeast wind

blew towards the marsh from the sandy land in winter, which also

represents the direction of expanding sandification and the column

direction in the experimental array. During summer the prevailing

wind is a southwesterly. Under these conditions the water and the

dense vegetation in the marsh restrict any sand blowing from the

marsh toward the sandy land. The length of the plate column was

176 m. Four rows were set in the sandy land, and eleven rows in

the marsh. The column length in the marsh was 156 m. The

longitudinal distance of 0, 4, 8…, 176 m of each row is to the

centre line of the dune. The three plates in each row had the same

longitudinal distance to the centre line of the dune, with a lateral

separation of 10 m between each plate. Each sediment plate

consisted of a collecting plate and a fixed rod. The square

(30630 cm) collecting plate was made of fired clay with a coarse

surface for the immobilization of sediments. The 40 cm fixed steel

rod penetrated through the centre of the collecting plate and was

fixed by a bolt and nut at the upper end. The lower, sharpened

end was inserted into the soil for fixation.

Sampling method
After field deployment for one year, the fixed rods were pulled

out, and the net sediments on the plates were collected carefully

and completely, and then stored in polyethylene bags. It is noted

that some material (especially finer material) was lost from the

plates during rainfall events without any plant coverage on the

plates, which is the same as the sediments in field. Compared with

the sediments formed in many years, the sediments we collected

just deposited in one year and we call them surface sediments. All

the field studies got the permission from administrative authority

of Niuxintaobao National Wetland Park and did not involve any

endangered or protected species (123u219E, 45u149N).

Sample Analyses
Any vegetation litter was removed from the sediment samples

before analysis. Each sample was weighed (as ‘fresh weight’) and

then air-dried for 1 month. These dried samples were then

reweighed. Grain-size distributions in the air-dried samples were

determined using a Mastersizer2000 Laser Grainsizer (Malvern

Instruments Ltd. UK; measuring range: 0.02–2000 mm). The

dried samples were then crushed and sieved through a 0.18-mm

nylon sieve. The organic matter (OM) was measured by the

potassium dichromate volumetric method [21], which required

heating at 180uC for 5 minutes. Total nitrogen (TN) was

determined by the Kjeldahl digestion–constant distillation–titra-

tion method [21]. Concentrations of P, Fe, Al, Ti, V and Zr were

Figure 2. Sediment flux in the marsh-sandy land transitional area. Error bars represent the standard error of the mean of three parallel
samples.
doi:10.1371/journal.pone.0099715.g002
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determined by ICP-MS-7500 (Shimadzu) after sample digestion

using a HNO3–HF–HClO4 solution for 0.5 h [21].

Data analyses
The sediment flux was calculated according to:

SedimentFlux~DryWeight= PlateArea|1yrð Þ ð1Þ

The plate area was 0.09 m2 as described above.

Statistical analysis was performed with IBM SPSS 21.0. The t-

test analyses were conducted to compare sediments from the

marsh and the sandy land. The following parameters were

examined in this analysis: the sediment flux, sand content, and the

concentrations of OM, TN, P, Fe, Al, Ti, V and Zr in the

sediments. Pearson correlation analyses were conducted to test

relationships between the sand content, clay content, and

concentrations of OM, TN, P, Fe, Al, Ti, V and Zr in the

sediments. A Hierarchical Cluster Analysis was conducted to

classify different zones in the marsh with different sand content,

and Ti, V and Zr in the sediments. A one-way ANOVA was

performed to document the differences in the sand content, and

concentrations of Ti, V and Zr in the sediments of the three zones

in the marsh.

Results

Sediment flux
The trends in sediment flux are presented in Figure 2. The

sediment flux decreased with increasing longitudinal distance from

the centre line of the dune. The sediment fluxes in the sandy land

were significant higher than that in the marsh (p = 0.003). The

mean sediment flux was 29614 kg m22 yr21 in the sandy land,

while that was 0.660.3 kg m22 yr21 in the marsh.

Sediment grain-size distributions
The trends in the relative content (by mass) of sand (.63 mm)

and clay (,2 mm) in the sediment are presented in Figure 3. The

sand content in the sediment of the sandy land was much greater

than that of the marsh (Figure 3). The sand content in the marsh

sediment decreased as the longitudinal distance between the

sampling site and the centre line of the dune increased (Figure 3).

The sand content at the sampling site 20 m from the centre line of

the dune was 77.19%, while it is 58.51% at the site 176 m from

the centre line of the sand dune. The mean sand content in the

sediments of sandy land was 9161%, while it was 6466% of

marsh. The mean clay content in the sediments of the sandy land

was 1.860.1%, while it was 461% in the marsh. The clay content

of the sandy land was significant lower than that of the marsh (p,

0.001). The sand content was negatively correlated at a level of

0.1% to the clay content (r = 20.878).

Figure 3. Sand (.63 mm) and clay (,2 mm) composition of the sediments. Error bars represent the standard error of the mean of three
parallel samples.
doi:10.1371/journal.pone.0099715.g003
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Sediment geochemical characteristics
The concentrations of OM, TN, P, Fe, Al, Ti, V and Zr in

sediments at increasing longitudinal distances from the centre line

of the dune are presented in Figure 4. When sample concentra-

tions from different distances were pooled together, the concen-

trations of OM, TN, P, Fe, Ti, V and Zr in the marsh sediments

were all significant greater than in the sandy land (p = 0.001 for

TN and P, p,0.001 for others). There was no significant

difference in Al concentration between the two sediment types

(p = 0.459). The results of Pearson correlation analyses between

concentrations of the various sediment constituents: OM, TN, P,

Fe, Al, Ti, V and Zr, are presented in Table 1. There were

significant positive correlations between the concentrations of

OM, TN, P, Fe, Ti, V and Zr. The Al concentration was not

significantly correlated to any other sediment constituent.

Discussion

Indicators of sandification intensity
The sediment flux and the sand content in the sediments both

decrease with increasing longitudinal distance between the

sampling site and the centre line of the dune (Figures 2, 3),

indicating that sand deposition decreases further away from the

centre line of the dune. Approximately 90% of the sediments from

sandy land are sand (Figure 3), which reflects the mean kinetic

energy of eolian transport and represent the typical eolian

environment [5]; however, because of the existence of reed

marsh, the sandy land does not extent and the sand content of

marsh sediments decrease dramatically. These findings support

our hypothesis that the sand content in the sediment is an

indicator of the sandification intensity in the marsh-sandy land

transitional area. Ding et al. [22] used sediment cores in a desert-

loess area to reveal sandification history. Our results show that

sand content trapped in the surface sediment can indicate current

sandification progress. Coupling these findings suggests that marsh

sediment cores may also record the history of sandification.

The chemical analysis showed that Al and Fe concentrations are

much higher than the rest elements (Figure 4), which suggests that

the main components of these sediments were silicon, aluminum

and iron oxides [3]. There are positive correlations between the

concentrations of OM, TN, P, Fe, Ti, V and Zr in the sediments

(Table 1). However, these components were all negatively

correlated (0.1% significance level) with the sand composition of

the sediments, indicating that the sandy land is not the source of

these elements. The much lower concentrations of these elements

in sandy land sediments may have originated from transfer by

water and wind from the surrounding marsh, meadow or

farmland. OM, TN and P may also come from the decomposition

Figure 4. Concentrations of OM, TN, P, Fe, Al, Ti, V and Zr in the sediments. Error bars represent the standard error of the mean of three
parallel samples. OM and TN are organic matter and total nitrogen, respectively.
doi:10.1371/journal.pone.0099715.g004
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of detritus from dead plants and animals in the marsh. Sites in the

marsh with greater sand deposition have lower concentrations of

these elements. As a result, the sand content and the concentra-

tions of Ti, V and Zr in the marsh sediments can be used as the

indicators of sandification intensity in this area. The applicability

of these indicators to other marsh-sandy land transitional areas

requires validation.

The OM concentration is strongly correlated to Fe, Ti, V and

Zr (Table 1). Cheshire et al. [23] found that Fe, Ti and V were

extracted from the soil OM, suggesting that these elements in our

sediment samples may also be associated with organic matter.

There is no correlation between Al and other elements (Table 1).

There is no significant difference in the Al concentrations between

the marsh and the sandy land (Figure 4(e)), as Al exists in both the

clay and the sand [24].

Variations of Sand Content in the Sediments
The sand content in the marsh sediment samples are

significantly lower than those of sandy land (p,0.001), demon-

strating that the sand deposition rate is slowed down in the marsh.

There are two contributing factors to this finding. Firstly, the

longitudinal distance from the centre line of the dune is bigger in

the marsh than in the sandy land and the deposition rate of sand

decreases with the increasing distance. Secondly, the dense plant

cover blocks some sand from penetrating into the marsh.

The sand content in the marsh sediment exponentially decays

with increasing longitudinal distance between the sampling site

and the start point of the marsh (Equation 2, Figure 3b, p = 0.79):

y~38:3|e{x=56:2z55:1 ð2Þ

where y is the % sand content and x is the longitudinal distance (m)

between the sampling site and the start point of the marsh. The

equation and Figure 3b show that the sand content from these

marsh sediment samples is at least 55%; this is much higher than

the sand content (20.2%) in the surface sediment of Boluo Pao

wetland (124u489E, 44u229N), situated outside any sandification

areas on the Songnen Plain [25]. The sand content of surface

sediment sampled from the Xianghai Wetlands Nature Reserve

(122u05–319E, 44u55–099N) situated in the western border of the

Songnen Plain is about 10,20%, which is also lower than our

data [11]. These reveal that the sand content in the sediments of

this marsh should be greater than other marshes outside the

influence of sandification, for the combination of wet ground and

dense plant cover allows the marsh to act as an efficient sand trap

[26].

The higher sand content in our study also demonstrates that the

marsh in this marsh-sandy land transitional area has a one-year

record of sand addition and is facing the threat of sandification.

Sandification may negatively affect ecological functions in the

marsh, including primary production and carbon sequestration

Table 1. Pearson correlation results for relationships between OM, TN, P, Fe, Al, Ti, V and Zr concentrations in the sediments.

OM TN P Fe Al Ti V Zr

OM r 1.000 0.970** 0.922** 0.867** 0.172 0.802** 0.834** 0.788**

p ,0.001 ,0.001 ,0.001 0.539 ,0.001 ,0.001 ,0.001

TN r 1.000 0.936** 0.836** 0.338 0.776** 0.832** 0.817**

p ,0.001 ,0.001 0.218 0.001 ,0.001 ,0.001

P r 1.000 0.818** 0.346 0.856** 0.882** 0.862**

p ,0.001 0.207 ,0.001 ,0.001 0.001

Fe r 1.000 0.317 0.809** 0.800** 0.802**

p 0.250 ,0.001 ,0.001 ,0.001

Al r 1.000 0.196 0.253 0.419

p 0.484 0.363 0.120

Ti r 1.000 0.986** 0.955**

p ,0.001 ,0.001

V r 1.000 0.970**

p ,0.001

Zr r 1.000

p

**Correlation is significant at the 0.01 level; OM and TN are organic matter and total nitrogen, respectively.
doi:10.1371/journal.pone.0099715.t001

Figure 5. Hierarchical Cluster Analyses on sand content,
concentrations of Ti, V and Zr in marsh sediments.
doi:10.1371/journal.pone.0099715.g005
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[27,28]. During the sandification process, the nutrient conditions

of wetland soils deteriorate, characterized as lower concentrations

of organic matter, nitrogen and phosphorus, leading to reduced

biomass and biodiversity. As a result, the primary production and

carbon sequestration of wetland are weakened. Moreover, a

decline in biomass, biodiversity, soil nutrients and soil structure

makes the wetland system less resilient, with greater vulnerability

and sensitivity to disturbance from human activities and climate

change.

Buffering Zones of Sandification
As the farming-pastoral ecotone, the Songnen Plain has suffered

from severe land use/cover changes [29]. The croplands

reclaimed from grasslands or wetlands (wet meadow) in wet years

were unfortunately abandoned in dry years when farming

becomes no longer practical, which had caused land degradation

locally and accelerated the extension of sand dunes under the

action of predominant wind direction without vegetation coverage

of topsoil meanwhile [30]. Soil water conservation and vegetation

coverage were recognized as the important countermeasures of

sand desertification [31].

A hierarchical cluster analysis was conducted to classify different

zones in the marsh according to the different sand content and

concentrations of Ti, V and Zr in the sediments. According to the

results shown in Figure 5, the marsh can be divided into three

distinct zones (Zone 1, Zone 2 and Zone 3; Figure 2). One-Way

ANOVA analysis shows that the sand contents in the sediments of

Zones 1 and 2 are significantly higher than that of Zone 3

(Figure 6). The concentrations of Ti, V and Zr in the sediments of

Zone 1 are significantly higher than that of Zones 2 and 3

(Figure 6), while those concentrations in Zone 2 are higher than

Zone 3, but this difference is not statistically significant (p.0.01).

As a result, Zone 1 and Zone 2 are acting as a buffer zone, limiting

further sand expansion during our field experiment. The buffer

length can therefore be estimated as about 88 m (the total length

of Zones 1 and 2) into the marsh. It is clear from this data that the

marsh provides a means of controlling the expansion of sand, and

suggests that an alternating distribution of marshes and sandy

lands may both impede sandification and assist in the protection of

wetlands in wetland-sandy land transitional areas.

Conclusions
The study presents sediment flux measurements, sand and clay

content and the geochemical characteristics of sediments in a

marsh-sandy land transitional area on the western Songnen Plain,

China. The sediment flux and the sand content of the sediments

Figure 6. Mean Ti, V and Zr concentrations and sand content in marsh sediments of different zones. Error bars represent the standard
error of the mean of twelve, twelve and nine parallel samples in Zone 1, Zone 2 and Zone 3, respectively. The letters ‘a’ and ‘b’ indicate mean
concentrations of Ti, V and Zr and % sand content which are significantly different at p = 0.05.
doi:10.1371/journal.pone.0099715.g006
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decreased with the increasing longitudinal distance between the

sampling site and the centre line of a sand dune. The sand content

is negatively correlated with the concentrations of organic matter,

total nitrogen, P, Fe, Ti, V and Zr. The concentrations of organic

matter, total nitrogen, P, Fe, Ti, V and Zr in the sediments of the

marsh were all significantly greater than those of the sandy land.

Sand content and Ti, V and Zr concentrations all proved to be

valid indicators of sandification intensity, and they showed that the

marsh could be divided into three distinct zones.
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