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Editorial on the Research Topic

Disturbance, resilience and restoration of wetlands

Wetlands, including peatlands, marshes, swamps, and coastal wetlands, contain more

than 30% of terrestrial soil carbon on only 8% of the Earth’s land surface (Mitsch

and Gosselink, 2007). Due to their specific biodiversity and ecosystem function, and

linking terrestrial and aquatic systems, wetlands are key players in the most important

ecosystem services, especially water regulation, nutrient retention, and carbon cycling. The

accumulation of peat in wetlands not only results in high carbon stocks in these systems

but also provides invaluable archives of past wetland biomes and regional environmental

conditions (Yu et al., 2010). However, in recent decades, the area of wetlands is decreasing

due to land use change and the residual wetlands are prone to degradation globally

(Davidson et al., 2018). The remaining wetland area is also sensitive to global climatic change

and faces many natural and anthropogenic disturbances, such as drainage, global warming,

fire, biological invasions, degradation, land use change, pollution impact, etc. (Battisti et al.,

2016). However, the lack of clear definitions and limited data for the entire range of existing

wetland ecosystems poses challenges to assessing ecosystem functions and biodiversity and

thus limits our understanding of mitigating the numerous impacts. Thus, the purpose of this

Research Topic is to bring together the latest research on wetland ecology and disturbance

ecology to better understand wetland resilience, spanning over the entire range of possible

wetland systems and allowing for an isolated view of individual systems.

Due to the high amount of carbon stored in wetlands, the ongoing degradation of

wetlands causes an increased release of carbon into the atmosphere and further promotes

global warming. In this Research Topic, Apori et al. present a scientometric analysis based

on 522 documents to assess the status and the global trends of degraded peatlands and

restoration research. Considering many countries have degraded more than half of their

original peatland coverage for agriculture and energy use or peat harvest, the major aim

of peatland restoration is to decrease greenhouse gas emissions and enhance biodiversity

conservation. Great Britain and Germany are very active countries on this topic. Based

on 12 sites in Zoige alpine wetlands with different degrees of degradation, Yang et al.

found that the rate of carbon sequestration increased by 25.70% from natural wetlands to

slightly degraded conditions. However, from slightly degraded wetlands to severely degraded

wetlands, carbon accumulation sharply decreased by 81.67%. Returning systems to near-

natural states will thus help to preserve their carbon sink function. Wetland degradation

significantly reduced soil water content, soil organic carbon, microbial biomass carbon, and

microbial biomass nitrogen, which were hypothesized as potential reasons that explain the

decrease of carbon sequestration.
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Climate, one of the direct driving factors of vegetation

development, is expected to play a critical role in the spatiotemporal

patterns of wetland vegetation communities and resulting carbon

storage, especially in recent years under global warming. In this

Research Topic, Yan focuses on revealing the association between

climate factors and net primary productivity (NPP) of freshwater

marsh wetlands in Sanjiang Plain, which is the largest freshwater

marsh wetland distribution region in China. In the last 60 years,

solar radiation had the largest explanatory power on the spatial

distribution of NPP before 1985, and the temperature was the

most important climate factor after 1985. Another study from Zong

et al. aims to predict the distribution of suitable habitat areas for

the Deyeuxia angustifolia community in the Tumen River Basin

under the current and future BCC-CSM1-1 models combined with

the MaxEnt model. They found that the areas of the high-fitness

region are approximately 2,268.40 km2 (10.03%) and that these

areas are decreasing under both RCP2.6 and RCP8.5 scenarios and

the center of the habitat will move to the eastern region of the

Tumen River Basin.

Water-logged anoxic conditions are the most important factors

that promote and sustain carbon accumulation in wetlands.

Correspondingly, changes in the hydrological processes and

dynamics under climate change and human activities have been

attracting attention to these studies globally. In this Research

Topic, Liu Y. et al. highlight the importance of hydrodynamic

characteristics on the stability and self-maintenance of the inland

saline-alkali wetland. The results show that water resources act

as the major factor that affects the dynamic characteristics of the

wetland surface water and groundwater. The observed differences

in submerged areas of the studied wetland between the wet and

dry seasons amounted to a total of 250 km2. There are four

papers that focus on evaluating the effects of the hydrological

processes on delta wetlands in the Yellow River Delta, China.

Wang X. et al. evaluate the effects of hydrological connectivity

blocking on Suaeda Salsa development, and they found moderate

burial was beneficial for seedling emergence; moderate salinity (10–

20 g. kg−1) and fluctuating water levels (0–10 cm water depth)

were the most suitable conditions for seed germination and

vegetation growth. The changes in hydrological gradients also

caused differences in soil iron contents across different vegetation

communities. Liu X. et al. found higher iron content in the

Spartina alterniflora community in the upper intertidal zone and

the Phragmites australis community in the lower intertidal zone.

Sun et al. report that the soil quality decreased from inland

areas to the coastline and from reclaimed wetlands to tidal flats

along with the change in vegetation type. High hydrological

connectivity and diverse micro-habitats in the tidal creek section

of the river estuary was a driver of the structures of the bacterial

communities in different habits. Wang Z. et al. found that the

bacterial community diversities, as well as the dominant bacteria

Flavobacteriia and d-Proteobacteria but in reverse to Bacteroidetes

andGemmatimonadetes, significantly decreased with distance away

from tidal creeks.

With climate change and increasing human impact, more

nutrients accumulate in wetland soils, which may increase carbon

decomposition yet promote vegetation growth, thus altering the

carbon turnover of wetlands. There are four studies that focus

on evaluating changes in available nutrients in wetland soils and

their effects on wetland vegetation growth or soil properties.

Li, Zhang et al. evaluate changes in C/N/P stoichiometry and

water use efficiency of Messerschmidia sibirica and the soil in

the Yellow River Delta. They found that water use efficiency

had a positive correlation with the leaf C and N content and a

negative correlation with the leaf C/N ratio, which indicates that

M. sibirica can compensate for the decline in N use efficiency

through the improvement of water use efficiency. Li, Yuan et

al. evaluate the short- (3 years) and long-term (10 years) effects

of N and P fertilization on the physicochemical properties of

peat and water in a bog-fen complex in northern China. They

found that short-term fertilization increased Sphagnum moss

cover, while the expansion of vascular plants was found owing

to continuing long-term fertilization. However, the changes in

carbon input and decomposition process constrained the variation

in the soil C concentrations when the cumulative amount

of external N and P increased. Changes in hydrogeochemical

processes also control the salinity of water in specific saline-

alkali wetlands. Cui et al. thus analyze the spatial distribution

characteristics of water hydrochemistry and salinity in an inland

saline-alkali wetland in northeast China. The results show that

the water in the studied wetland is at a risk of salinization

owing to a high rate of evaporation while the solutes in the

water are primarily derived from aquifer leaching. Wetlands can

also remove phosphorus from sewage, and constructed wetlands

are widely used for water purification. Zhang J. et al. analyzed

experimental data reported in 27 papers to evaluate the nitrogen

and phosphorus removal characteristics of vegetated steel slag

substrate-constructed wetlands. Combining steel slag with other

substrate materials in constructed wetlands significantly increased

the removal amount of total nitrogen and ammonium nitrogen

but reduced the removal amount of total phosphorus. Moreover,

changes in physicochemical parameters (e.g., temperature and pH)

significantly affected the N and P removal capacity.

The increasing regional human activities not only cause

changes in the hydrological dynamics and nutrient budgets

but also cause direct effects on wetlands, such as reclaiming,

burning, species invasion, and heavy metal pollution. In this

Research Topic, Wei et al. aim to reveal the response of

nutrient stoichiometry in helophyte species Glyceria spiculosa

under agricultural intervention. They report the highest increase

in plant leaf N/P ratio in nutrient-rich wetlands followed by

that in drained and cultivated wetlands, but the N/P ratio in

root and root hair showed no significant changes under different

agricultural interventions. Gao et al. focus on evaluating the litter

decomposition of Calamagrostis angustifolia and the loss of key

elements from litters in burned wetland sites. They found that

autumn burning promotes more mass loss and accelerates the

decomposition of plant litter, whereas spring burning decreases

the decomposition rates of plant litter. The N/P ratios in residual

plant litter indicated that N acted as the limiting element for plant

litter decomposition in C. angustifolia wetlands, and the limitation

increased with increasing decomposition time. Jiang et al. focus

on evaluating heavy metal pollution in lake sediments in Xingkai

Lake and Xiaoxingkai Lake in hydrologically connected periods

and disconnected periods in 2021. They found that the overall
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contamination level and potential ecological risk of heavy metals

in these two lakes were low but relatively higher in the small lake

than those in the large lake based on the geo-accumulation index

and potential ecological risk index, mainly driven by agricultural

activities. Yuan et al. also focus on heavy metal pollution in a

lake, and in-situ and high-resolution information on metals at

the sediment-water interface under ice cover in Chagan Lake was

obtained. The results show that the concentrations of Pb and As in

Chagan Lake were a little higher even under the ice than in other

freshwater rivers and lakes, and the diffusive fluxes showed that the

sediments indeed acted as a sink for Pb and Cd, while Cu, Zn, Mn,

and As were released from sediments into the overlying water.

Wetland restoration became a major task and mitigation

measure to maintain or restore the ecological functions of wetlands

in recent years. Therefore, developing a simple and effective

strategy for wetland restoration has become an urgent global

concern for ecologists. In this Research Topic, Zhang M. et al.

focus on restoring salinized wetlands and evaluating the effects

of Melatonin Priming on Suaeda corniculata seed germination,

antioxidant defense, and reserve mobilization. They found the

priming of S. corniculata seeds with 50mMmelatonin significantly

improved the germination index, superoxide dismutase, and

peroxidase activity. However, the stress tolerance ability of S.

corniculata seeds was reduced by high melatonin concentrations.

Kowal et al. evaluate the water clarity and submersed aquatic

vegetation cover after the exclusion of invasive common carp from

the Delta Marsh in Manitoba. They found that the exclusion of

large carp from the delta wetland resulted in increased water clarity,

higher submersed aquatic vegetation cover, and species richness.

Besides large carp, the delta wetland was also threatened by other

stressors (e.g., increasing nutrient loading, stabilized water levels,

and invasive hybrid cattail), which will also necessitate an ongoing

assessment of wetland conditions.

In summary, the Research Topic widely discusses the response

of wetlands to both natural and anthropogenic disturbances. We

recognize there were few contributions that evaluated the resilience

of wetlands under disturbances. We thus want to encourage more

research related to this topic and hope that this compilation

of articles will stimulate further work and help researchers

and government managers understand the response of wetland

ecological functions to climate change and human activities.
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Hydrological connectivity in wetland ecosystems comprises a combination of
hydrodynamic, hydrochemical, and biological characteristics. Hydrodynamic
characteristics are important for the transmission of energy, matter, and information
between surface water bodies and are critical for maintaining the health of wetland
ecosystems. The hydrodynamic characteristics of wetlands are the temporal and spatial
changes in the water level, flow direction, quantity, recharge, and discharge conditions
of surface water and groundwater. Identifying wetland hydrodynamic characteristics
is of great significance in revealing the hydrological patterns and biogeochemical
phenomena of wetland ecosystems. The Momoge National Nature Reserve (MNNR) is
a wetland located in the semi-arid region of northeast China, where the hydrodynamic
characteristics are still unclear. In this study, water level monitoring of surface water
and groundwater in MNNR was carried out, and wetland recharge and discharge
were calculated according to a water balance analysis. The submerged wetland area
was simulated based on an improved distributed hydrological model, SWAT-DSF,
and compared with remote sensing data. The results showed that the dynamic
characteristics of wetland surface water and groundwater are mostly affected by
topography and recharge water sources. The water resources in the reserve are in
a positive state of equilibrium in the wet season (September), with an equilibrium
difference of 276.41 × 104 m3/day. However, it displays a negative equilibrium
state in dry (November) and other (June) seasons, with an equilibrium difference of
−12.84 × 104 m3/day and −9.11 × 104 m3/d, respectively. The difference between the
submerged areas of the MNNR wetland during the wet and dry seasons was 250 km2.

Keywords: wetland, hydrodynamic characteristic, water level monitoring, water balance, Momoge National
Nature Reserve

INTRODUCTION

Wetlands, often vividly described as the “kidneys of the Earth” are a critical part of the surface
covering of our planet. Wetlands, forests, and oceans are three major ecosystems with irreplaceable
functions (Mitsch et al., 2009; Keddy, 2010). Unfortunately, the global wetland area has decreased
by nearly 70% since the beginning of the 20th century (Davidson, 2014; Hu et al., 2017), resulting
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in a sharp decline in the service functions of wetland ecosystems.
Countries worldwide have signed the Ramsar Convention
on Wetlands to deal with and prevent further deterioration.
Therefore, the protection and restoration of wetlands have
become crucial issues for global research (Wang Q. et al.,
2021; Xi et al., 2021). Wetlands comprise interconnected
terrestrial and aquatic ecosystems (Lu et al., 2020; Guo
et al., 2021). Inevitably, water plays a critical role in the
formation, development, succession, and extinction of wetlands.
In particular, hydrological processes are essential for maintaining
the balance of regional water resources and the health of wetland
ecosystems (Johnston, 2020; Makungu and Hughes, 2021).
Most of the transmission of matter, energy, and information
is related to wetland hydrological processes and water cycles.
Therefore, hydrodynamic characteristics govern the stability and
self-maintenance of wetland ecosystems (Singh and Sinha, 2019).

The hydrodynamic characteristics of wetlands include
temporal and spatial changes in the water level, flow direction,
and water quantity, as well as the recharge and discharge
conditions of wetland groundwater and surface water.
Hydrodynamic processes are critical in the formation and
development of wetland ecosystems and habitat patterns by
reshaping wetland topography, changing habitat distribution
structures, and disturbing the physical and chemical properties.
They shape wetland topography and geomorphology mostly
through the erosion and deposition of sediment carried by water
flow. For example, the alternating distribution of shoals and
deep troughs is caused by variations in flow velocity, erosion,
and accumulation. While flow erosion creates the topography
of deep water areas, accumulation creates the shoals (Eulie
et al., 2021). Changes in hydrodynamics affect and control
the distribution pattern and succession of the wetland plant
community. At the local scale, water level, flow state, and other
hydrological conditions cause water stress to plants in wetlands,
affect plant growth, morphological characteristics, and biomass.
In addition, it determines the spatial distribution pattern of
wetland plants. Hydrological processes affect the evolution
of wetland topography by regulating the distribution pattern
of wetland plant communities and the interaction between
nutrients and carbon fluxes. Hydrological processes determine
the essential properties and specific ecosystem structure and
function of wetlands (Evenson et al., 2018a; Qi et al., 2021;
Wu et al., 2021).

Groundwater is an essential form of water and energy
source for wetland ecosystems. In addition to precipitation, the
groundwater spatial-temporal variability and groundwater table
changes are usually driven by evaporation and transpiration
(Roulet, 1990; Carlson Mazur et al., 2020; Galliari et al., 2021).
Moreover, they are accompanied by changes in the structure,
distribution, and development of wetland vegetation and
biological communities (Budzisz et al., 2017; Chen et al., 2021).
However, descriptions of underground hydrological processes
are often ignored or simplified in traditional wetland research.
As a result, the transformation and circulation of materials
and energy between wetland and groundwater systems remain
poorly understood. Thus, further research on their interaction
and ecological effects is required.

The complex interactions of multi-element, multi-scale, and
multi-process wetland ecosystems and the dynamic matching
of hydrological, biological, and ecological processes from
the viewpoint of hydrological connectivity are important
problems to be solved in wetland science. Hydrodynamic
processes are the basic elements of wetland ecosystems.
Based on hydrogeological conditions, topographic features, and
anthropogenic disturbances, the objectives of this study are as
follows: (1) to analyze the characteristics of wetland surface
water and groundwater levels and calculate wetland recharge
and discharge based on water balance analysis, (2) to simulate
the evolutionary process of submerged wetland areas, and (3) to
clarify the horizontal and vertical hydrodynamic characteristics
of the Momoge National Nature Reserve (MNNR). The results
will provide an important basis for exploring the distribution and
evolution of wetland hydrochemical characteristics to achieve
the goal of a continuous process, complete structure, and stable
function of wetland ecosystems.

MATERIALS AND METHODS

Study Area
Momoge National Nature Reserve is an inland wetland and
water ecosystem reserve in the saline-alkali land of western Jilin
Province, China, with a total area of 1,440 km2 from 45◦4225′′
to 46◦18′′N and 123◦27′0′′ to 124◦4′33.7′′E, respectively. The
Nenjiang River flows from north to south and serves as the
eastern boundary of the MNNR (Figure 1). The altitude of the
reserve is between 100 and 171 m, and the land is generally
high in the northwest and low in the southeast. There are
several small and large lakes surrounded by uplands in western
MNNR. However, the eastern part is relatively flat with a
relative elevation difference of only 2–5 m. The MNNR is
located in a semi-arid region and has a temperate continental
monsoon climate with an average annual temperature of 4.2◦C.
The highest temperature occurs in July, with an average
temperature of 23.5◦C, and the lowest temperature occurs in
January, with an average temperature of −17.4◦C. The average
annual precipitation is 391.8 mm. Generally, precipitation is
relatively concentrated from June to September, reaching 300 mm
and accounting for 76.6% of the annual precipitation. The
average annual evaporation was 1,585.1 mm, with the highest
evaporation in May.

Field Monitoring
To understand the water level fluctuation and hydrodynamic
characteristics of natural water in the study area, a detailed
hydrogeological survey was conducted in and around the MNNR.
Sixty-one groundwater table monitoring points were arranged to
cover the entire area using existing boreholes, civil wells, and
exploration wells. Four water level gauges were arranged in the
wetlands from west to east within the MNNR to monitor the
surface water level continuously (Figure 2).

The groundwater table was measured in June, September,
and November 2019. The specific work-monitoring means and
frequencies are listed in Table 1. Combining continuous
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FIGURE 1 | Location of the study area.

groundwater table monitoring data collected from two
monitoring points, Yinghua and Dongerlong, the regional
multi-dimensional hydrodynamic characteristics were
ascertained based on the hydrological and hydrogeological
conditions and water level fluctuation at the above
monitoring points.

Analysis of Water Balance in Momoge
National Nature Reserve
The water budget in the dry (November), wet (September),
and other (June) seasons, including surface water and shallow
groundwater, of the study area was calculated using the water
balance equation:

4Q = Qin − Qout (1)

where, 4Q is the variation in the water resources in the study
area during the equilibrium period (m3/day), Qin is the recharge
of water resources during the equilibrium period (m3/day), and
Qout is the discharge of water resources during the equilibrium
period (m3/day).

According to the actual situation in the MNNR, the water
balance equation can be specified as:

4Q = QP + QC + QS − EW − Et −W ± GW± QG−S (2)

where, 4Q is the change in water resources storage in MNNR;
QP is the precipitation recharge; QC is the recharge of farmland
drainage; QS is the recharge of river flooding; EW is the water
surface evaporation; Et is transpiration; W is groundwater
extraction; GW is the lateral groundwater runoff; a positive
value indicates that the groundwater recharge from the outside
of the MNNR to the interior is greater than the groundwater
discharge; on the contrary, a negative value indicates that the
groundwater discharge is greater than the groundwater recharge;
QG−S is the exchange flux between groundwater and Nenjiang
River; a positive value indicates that the groundwater recharges
the river, and a negative value indicates that the river recharges
the groundwater. The units of the above elements are m3/day,
and each element is calculated according to existing data and
calculation formulas.
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FIGURE 2 | Distribution of surface water level loggers and groundwater table
monitoring sites (Image source: Landsat 8TM band 654 false-color
combination, imaging date: June 20, 2019).

Simulation of Wetland Hydrological
Process
The improved distributed hydrological model SWAT-DSF
(Depressional Storage and Flows, DSF; Evenson et al., 2018b) was
utilized to simulate the wetland hydrological processes. Based on
the improved SWAT model proposed by Evenson et al. (2016),
three hydrological response units (HRUs) are established in the
model: depressional HRUs, non-depressional HRUs discharged
by the depression unit, and non-depressional HRUs discharged
directly into the sub-basin. The wetland in the depression unit
was simulated using the following water-balance equation:

4V = P− ET+ QSurf − QSpill±Qlocal (3)

where, 4V is the variation in wetland water storage (m3/day), P
is the precipitation on the wetland submerged area that changes
with time (m3/day), ET is the evapotranspiration in the wetland
submerged area (m3/day), QSurf is the runoff flowing in from
the non-depression unit in the higher terrain (m3/day), QSpill
is the surface water outflow (m3/day) leaving the wetland via
the delineated outlet for spillage (i.e., when wetland storage
capacity is exceeded).

The upland portion of the depressional HRU (i.e., the upland
area surrounding the wetland and contained within the HRU
depressional boundary) was simulated as having the following
water balance:

4S = P − ET+Qlat,in − Qlat, out − Qgw±Qlocal (4)

where, 4S is the daily water volume change (m3/day) in the
HRU (in the soil profile, shallow aquifer, and deep aquifer),
P is precipitation (m3/day) on the upland portion of the
HRU, ET is evapotranspiration (m3/day) from the upland
portion of the HRU, Qlat,in is subsurface inflow (m3/day)

entering the soil profile from upgradient HRUs, Qlat, out is the
subsurface outflow (m3/day) leaving the HRU and entering
either a downgradient depressional HRU or the reach, Qgw is
groundwater outflow (m3/day) leaving shallow and deep aquifers
and entering the reach, and Qlocal is the net subsurface flow
(m3/day) entering (+) or leaving (−) the upland portion via local
exchange with a wetland.

Qlocal is simulated as:

Qlocal =
(
α× Ksat,w

)
× SADarcy ×

∣∣ywt − ywet
∣∣

β× rw,max
(5)

where, Ksat,w is the saturated hydraulic conductivity (m/day) of
the wetland sediments, ywt is the upland groundwater height,
ywet is the wetland surface water level, SADarcy is the dynamic
submerged area of the wetland, rw,max is the radius at which
the wetland reaches the maximum area, and α and β are the
correction parameters.

Due to limitations of the runoff data, the data from June 2006
to June 2013 were selected to run the model (with June 2006 to
June 2010 and July 2010 to June 2013 as the verification periods).
Moreover, we utilized the water body coverage area, calculated by
the algorithm based on the Google Earth Engine platform in our
previous study (Cui et al., 2021) as the verification data.

The results directly reflected the applicability of the model
to the study area. The relative error, percent bias (PBIAS),
certainty coefficient, R2, and Nash efficiency coefficient (NSE)
were selected to evaluate the simulation results of the model in
this study.

NSE = 1−


∑n

i=1

(
Qobs
i − Qsim

i

)2

∑n
i=1

(
Qobs
i − Qobs

)2

 (6)

PBIAS =

∑n
i=1

(
Qobs
i − Qsim

i

)
× 100∑n

i=1 Q
obs
i

 (7)

R2
=


∑n

i=1

(
Qobs
i − Qobs

)
×
(
Qsim
i − Qsim)√∑n

i=1

(
Qobs
i − Qobs

)2√∑n
i=1
(
Qsim
i − Qsim)2


2

(8)

where, Qobs
i is the observed value, Qsim

i the simulated value, Qobs

is the average of the observed values, and Qsim the average of the
simulated values.

TABLE 1 | Water level monitoring details.

Monitoring
items

Number of
monitoring points

Monitoring
instruments

Monitoring
frequency

Surface water
level

4 Onset Hobo
automatic
recording water
level gauge

Every 15 min

Groundwater
table

61 Steel ruler water
level gauge

Once in dry, wet
and other seasons
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RESULTS

Changes in Surface Water Level
Water level gauges 1 and 2 were located on both sides of the
road within the Baihe Lake. They lacked a surface hydraulic
connection due to the presence of the road. Figure 3 Displays that
the water level at the two points fluctuated and decreased before
May 17, showing the same trends, which were predominantly
driven by atmospheric rainfall and evaporation. However, a water
level difference of 20 cm existed at the two points due to water
head loss during the underground connection formed by seepage
across the road.

From May 17, the water level gradually increased when the
Qianhang drainage station in the upper reaches of Baihe Lake
opened its floodgates to discharge farmland irrigation water into
the area where water level meter 1 was located. Furthermore, the
water level at the point where water level meter 2 was located
also increased because of the underground connectivity. In early
August (the blue columnar area in Figure 3), the water in Baihe
Lake overflowed and spread over the road around the Lake
because of the continuous water level rise. As a result, the surface
water inside and outside the road became partially connected,
and the water level outside the road rose until it reached the
same water level of 68 cm and further merged completely with
the water inside the road.

On September 8, the sluice gate opened and water in Baihe
Lake began to discharge downstream, resulting in the declination
of water level. The water level outside Baihe Lake also decreased
slowly due to the connection, and finally, the two tended to
be consistent. The surface water inside and outside the road

remained connected until it began to freeze in November. The
change in surface connectivity was also caused by water level
variation. Therefore, irrigation and drainage in farming are
the major factors affecting water-level fluctuations from May
to October. The water level variation near Baihe Lake was
mostly affected by natural rainfall, evaporation, and underground
connectivity when there was no irrigation water discharge.
A photograph of the field is shown in Figure 4.

Water level gauge 3 was located on the island west of
the MNNR, and water level gauge 4 was located in a pond
outside the gate of the Harnao Reservoir in the northeastern
part of the MNNR. As shown in Figure 5, although gauges
3 and 4 were geographically far apart, their fluctuation trends
were very similar. Both demonstrated a good relationship with
precipitation, indicating that the two points were affected by
precipitation. In early August and early November 2019, the
water level of gauge 4 increased with an increase in the water level
of the Nenjiang River under the influence of two distinct inflow
processes of the Nenjiang River. In addition, the rising range was
greater than that of gauge 3. This trend reveals a minor head
loss due to groundwater flow during the groundwater connection
between the two points.

Groundwater Dynamic Process
Response of Groundwater to Precipitation
According to the precipitation data of MNNR from 2006
to 2012 and the relationship between the groundwater
depth at monitoring points Yinghua and Dongerlong
(Figure 6), precipitation indicated an overall upward trend.
The groundwater depth at Yinghua also demonstrated an overall

FIGURE 3 | Surface water level fluctuations under artificial regulation.
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FIGURE 4 | Surface connection of Baihe Lake water on both sides of the road (within the red lines).

FIGURE 5 | Surface water level fluctuations affected by precipitation.

upward trend from 2 m in 2006 to 6 m in 2011. Although the
groundwater depth in Dongerlong fluctuated, it remained at
about 6 m. In the densely populated area of Yinghua, owing
to the over-exploitation of groundwater, the groundwater
table gradually decreased with the increase in precipitation.
The decline in the groundwater level will affect the ecological
environment of the wetlands, and it is necessary to explore the
groundwater dynamics of MNNR further.

Seasonal Variation of the Groundwater Flow Field
In the wet, dry and other seasons, groundwater in the MNNR
generally flows from northwest to southeast, driven by the
topography and aquifer floor gradient (Figures 7, 8, 9). In

the northwest, groundwater flows from the uplands to the
surrounding low-lying lakes, forming widely distributed isolated
wetlands. In the central region, groundwater flows from west
to east, and the hydraulic gradient is lower than that in the
northwest. However, local differences in groundwater flow fields
exist due to variations in hydrological conditions. Because of the
rising water level of the Nenjiang River during the flood season,
the floodplain on the west side of the Nenjiang River is submerged
by the river water. Moreover, the infiltration of surface water
increases the groundwater table, changing the direction of local
groundwater that flows toward the west of the MNNR along
the west bank of the Nenjiang River. Groundwater is discharged
to the Nenjiang River the dry season and June. In the western

Frontiers in Ecology and Evolution | www.frontiersin.org 6 June 2022 | Volume 10 | Article 93943113

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-939431 June 13, 2022 Time: 13:53 # 7

Liu et al. Wetland Hydrodynamics

FIGURE 6 | Variations of groundwater depths in MNNR.

part of the reserve, there is groundwater recharge from outside
the reserve in the northwest during the wet and dry seasons,
which does not occur in the other season (June). In the middle
of the reserve, except for the groundwater recharge to Baihe Lake
from the uplands, the groundwater generally flows northwest to
southeast. In the wet season, the groundwater table increases
significantly, and the hydraulic gradient becomes higher due to
the increase in precipitation and the rise in the river water level.
By contrast, in the dry season and in June, the hydraulic gradient
of groundwater is relatively low. In particular, a regional cone of
groundwater depression forms in the west of the floodplain of the
Nenjiang River in June.

Groundwater is a major factor maintaining the wetland
water source, and the topography significantly affects the
groundwater flow direction and hydraulic gradient. In addition to
precipitation and artificial recharge, groundwater flows from the
surrounding upland to the lake in the northwest. The evolution
of groundwater flow fields in the central and eastern regions was
mostly affected by the precipitation and hydrological conditions
of the Nenjiang River.

Water Balance Calculation
The primary water sources of MNNR include precipitation,
surface runoff, irrigation drainage, groundwater lateral runoff,
and river infiltration. The recharge and discharge of the MNNR
water resources and equilibrium calculation results are listed
in Table 2. The water resources in the MNNR were in
negative equilibrium during the dry season and in the month
of June, with equilibrium differences of −12.84 × 104 and
−9.11 × 104 m3/day, respectively. These results indicate that
water surface evaporation significantly affects the volume of
water resources in the MNNR. During the wet season, the
water resources in MNNR were in positive equilibrium, and the

equilibrium difference was 276.41× 104 m3/day. The increase in
water resources mostly emerged from the floodplain submerged
by the flood of the Nenjiang River.

Simulation Results of Submerged Area in
Momoge National Nature Reserve
The submerged area of the wetlands varied considerably between
2010 and 2013 (Figure 10). The extent was approximately 50 km2

in the dry season, and a small peak occurred during the snowmelt
period. While the area was generally approximately 300 km2

in the wet season, it reached 400 km2 in 2012. The simulation
results were generally lower in the wet season and higher in the
dry season than observed in the remote sensing observations.
This trend was due to the influence of high vegetation coverage
on remote sensing calculations and the calculation error of
groundwater recharge by the SWAT-DSF. The water level and
wetland discharge can be inferred based on their correlation with
submerged areas.

As for the model simulation accuracy, PBIAS was within
±20%, NSE > 0.5, and R2 > 0.6 (Table 3), which met the
requirements of model simulation accuracy. In addition, the
simulation result of the validation period was better than that of
the calibration period. Therefore, the model results are reliable.

DISCUSSION

Horizontal Hydrodynamic Processes
The analysis of the surface water level fluctuation in the
western part of the MNNR demonstrated that the lakes were
mostly linked by hydrodynamic connections. The surface water
area of the floodplain expands and shrinks with the seasons.
When the level of the Nenjiang River exceeds the banks or
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FIGURE 7 | Groundwater table contour in June 2019 (a.m.s.l).

FIGURE 8 | Groundwater table contour in September 2019 (a.m.s.l).
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FIGURE 9 | Groundwater table contour in November 2019 (a.m.s.l).

TABLE 2 | Water balance calculation results of MNNR (Unit: ×104 m3/day).

Source/sink term Jun. Sep. Nov.

Recharge Precipitation 18.95 5.45 0.95

Surface runoff 0 359.33 0

Irrigation drainage 5.06 8.55 0

Lateral groundwater runoff 6.75 9.86 5.67

River infiltration 0 9.65 0

Total 30.77 392.85 6.63

Discharge Water surface evaporation 29.85 109.87 14.71

Transpiration 2.98 2.34 0

Groundwater exploitation 1.00 0.75 0.55

Base flow 2.60 0.88 1.64

Lateral groundwater runoff 3.46 2.60 2.56

Total 39.90 116.44 19.47

Equilibrium difference −9.11 276.41 −12.84

embankments, the floodplain is submerged. In depressions,
the surface water forms permanent or seasonal wetlands when
the river level drops. The surface water in the uplands flows
back to the river or infiltrates the shallow aquifer. The
horizontal hydrodynamic processes mostly occur on the surface.
Previous research has shown that there are three mechanisms
of horizontal hydrodynamic processes: fill-spill, fill-merge, and
river-floodplain connections.

When the net inflow of an upland wetland exceeds its capacity,
the water overflows into another lower-lying wetland, called
a fill-spill (Spence and Woo, 2003; Tromp-van Meerveld and
McDonnell, 2006; Figure 11A). Fill-merge occurs when the
water depth of one depression exceeds the internal overflow
point of another adjacent depression. In this case, the flow
of material is bidirectional rather than the unidirectional flow
occurring during fill-spill (Leibowitz et al., 2016; Grimm and
Chu, 2020; Figure 11B). Although the wetland storage within
the floodplain differs, the floodplain can reduce and delay
flooding by storing the water overflow from the riverbank.
The floodplain is a depression outside the natural river
embankment, including perennial and seasonal wetlands, among
which the seasonal wetlands are primarily controlled by periodic
floods (Figure 11C). The surface water level monitoring
results indicate that the wetlands west of the MNNR achieve
hydraulic connection by fill-spill. In contrast, wetlands within
the floodplain are hydraulically connected by fill-merge and
river-floodplain connections.

Vertical Hydrodynamic Processes
Wetlands may recharge or discharge groundwater due to
variations in the hydrogeological conditions. The surface water-
groundwater exchange flux is affected by the hydraulic gradient
of the groundwater and wetland surface water along with the
hydraulic conductivity of the aquifer and wetland sediment.
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FIGURE 10 | Simulations and remote sensing observations of the total submerged area of wetland (A: calibration period; B: validation period; blue area represents
the range given across all parameter sets as evaluated for the calibration period).

Precipitation, topography, and underground runoff are the major
factors affecting the groundwater flow field in the study area.
The hydrodynamic characteristics and seasonal variation of
groundwater in the MNNR show that the upland topography
around the lakes and the high permeability of the phreatic
aquifer of Pleistocene sand and loess sub-sand provide favorable
conditions for the flow of groundwater to the lakes. The regional
groundwater flow field displays a hydraulic relationship between
the wetland water and the surrounding groundwater in the
uplands, which is predominantly affected by the shallow local
groundwater flow system (Figure 12). However, the recharge
mode (such as vertical or lateral recharge) and recharge intensity

of groundwater to lake water differ, owing to the difference in
hydraulic gradient and hydraulic conductivity of the sediment
and aquifer. There may be an unsaturated zone of a certain
thickness under the lake sediment due to very fine-grained silt
with low permeability, which can affect the exchange flux between
wetland surface water and groundwater.

Hydrodynamic processes are formed by surface-underground
connectivity. In addition, a comprehensive analysis of
topographic features and statistical characteristics of
hydrological processes controlled by depressions will help
reveal the internal relationship between them and improve
watershed modeling.
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TABLE 3 | Results of the model verification indices.

Calibration (2006.1–2009.12) Validation (2010.1–2013.6)

NSE 0.699 0.823

R2 0.7 0.864

PBIAS −1.80% −1.19%

Simulation of Hydrological Processes in
Wetland
Under the premise of a known topography, there is a functional
relationship between the volume of water resources and the
wetland water level. The water level and volume directly affect
the hydrodynamic characteristics. Therefore, it is important
to obtain accurate water quantities and water levels. The
hydrological processes of small-scale wetlands can be evaluated
using on-site monitoring (Clilverd et al., 2013). However, it is
impractical to explore the hydrological/hydraulic interactions
between wetlands and other water bodies and aquifers in large
catchment areas (Fan and Miguez-Macho, 2011). The application
of hydrological models is a common method for studying the
hydrological processes of large-scale wetlands and watersheds.

Watershed hydrological models have been developed from
lumped conceptual models to physics-based distribution models.
Furthermore, wetlands are directly or indirectly included in
watershed-scale models (Singh, 1997).

In the standard semi-distributed hydrological model, it is
assumed that the entire area of the basin is well connected
with its related outlet. In addition, the surface depression is
usually concentrated at a depth to provide water storage and
discharge functions for the entire basin. However, practically,
the contribution area of the watershed is variable and can be
significantly affected by the spatial distribution and dynamic
connectivity of depressions (Wang N. et al., 2021). Direct water
exchange between wetlands and other water bodies is limited.
From the perspective of filling and overflow, wetlands can
establish hydrological connectivity with downstream wetlands
through local surface flow paths (Brierley et al., 2013).
The recharge and discharge of wetlands and downstream
water surface-groundwater exchange between wetlands and
the surrounding uplands (Hayashi et al., 2016; Ameli and
Creed, 2017) are important for the hydrological process of
the depression, but they are not completely reflected in
most watershed hydrological models. Therefore, a distributed
hydrological model is required for improved simulations of

FIGURE 11 | Mechanisms and types of surface hydrodynamic process (A. fill-spill; B. fill-merge; and C. river-floodplain connections).

FIGURE 12 | Schematic diagram of local groundwater flow system in wetland (modified from Hayashi et al., 2016).
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wetland hydrological processes. In addition, an improved spatial
resolution is required to predict and manage hydrological,
biogeochemical, and biological functions on a larger spatial scale.

The SWAT model provides a limited description of
hydrological exchange in wetlands, especially in terms of the
local underground exchange between wetlands and uplands
and the surface connection between wetlands. The surface and
groundwaters from a single HRU are presumed to flow to
rivers. However, in reality, they flow to the wetlands of the
HRU (considering the model limitations and the complexity
of each wetland separately, it is assumed that there is only one
wetland in each HRU, and each wetland represents a collection
of all scattered wetlands in its HRU). The water stored in
each wetland either flows directly into the sub-basin as surface
overflow or returns to the HRU as seepage. This method limits the
characterization of surface and underground exchange. Surface
water flows directly from the wetland collection to the sub-
basin reach; therefore, it is not possible to simulate the exchange
between wetlands through fill-spill dynamics or surface drainage
characteristics (such as agricultural ditches). For underground
exchange, the original SWAT model largely determines the inflow
and outflow of wetlands as a function of HRU conditions. This
modeling method excludes the representation of the variation in
the water head gradient between wetlands and their surrounding
uplands, while the variation in the water head gradient drives the
amplitude and direction of local underground exchange (inflow
and outflow; McLaughlin et al., 2014).

In wetland hydrological simulations, the vertical
underground-surface interaction cannot be ignored, and further
nuanced dynamic characterization can be combined with the
groundwater model in future research to study the impact of
depressions on the entire hydrological system.

CONCLUSION

The hydrodynamic characteristics of wetlands include the
intensity, amplitude, period, and cycle characteristics of
hydrological regime changes in wetlands. Furthermore,
it explains the hydrological mechanism of hydrological

connectivity in maintaining the structure and function of
wetland systems. Therefore, groundwater plays a critical role
in maintaining the integrity of wetland ecosystems.

The water balance of wetlands is controlled by the strong
influence of watershed runoff and the exchange between wetland
water and groundwater around wetlands. During the simulation
of the hydrological processes of wetlands, the exchange of vertical
groundwater should be completely considered to simulate the
submerged area of wetlands more accurately. The dynamic
change in the hydrodynamic characteristics should be further
verified on a smaller scale and combined with hydrochemistry,
isotope tracking, and other methods in future research.
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Seasonal Variation Characteristics of
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Tian Li1, Zehao Zhang1,2, Jingkuan Sun1* , Zhanyong Fu1, Yinghan Zhao1,2 and
Wenjing Xu1,2
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The seasonal dynamic characteristics of C, N, and P stoichiometry and water use
efficiency (WUE) of Messerschmidia sibirica and the soil in the Yellow River Delta (YRD)
were studied. The correlations of stoichiometric characteristics and WUE between
organs of M. sibirica and soil were analyzed. The results showed that: (1) the contents
of C, N, and P and their stoichiometric ratios in various organs of M. sibirica varied
with seasons. The seasonal dynamics of leaf N:P showed that the degree of nutrient
restriction by N decreased in July and increased in September. (2) The contents of C,
N, and P, as well as their stoichiometric ratio, showed a high correlation throughout
the growing season, with N:P showing a significantly positive correlation among organs
and the lowest stoichiometric correlation between leaf and root. (3) C13 stable isotope
analysis showed that the WUE of M. sibirica in May was significantly higher than that of
other months (July and September). The WUE had a significantly positive correlation with
leaf C and N content and a significantly negative correlation with leaf C:N, indicating that
M. sibirica can compensate for the decline in N use efficiency through the improvement
of WUE. The structural equation model (SEM) showed that the leaf N and P contents
were affected by the joint effect of season and WUE, and the leaf C content was mainly
directly affected by WUE. (4) Redundancy analysis (RDA) analysis showed that soil P
content and soil N:P were the main factors affecting the variation of stoichiometry and
WUE in various organs of M. sibirica. This study is helpful to deeply understand the
adaptive mechanism of plant nutrient and water use, which provides a theoretical basis
for vegetation protection and restoration in the study area.
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INTRODUCTION

Change in plant stoichiometry not only reveal the nutrient uptake
and utilization status of different plants but also indicate the
constraint relationship between different nutrients, which is an
important indicator to determine whether plants can renew
themselves and recycle nutrients (Crous et al., 2019). Changes
in plant carbon, nitrogen, and phosphorus stoichiometry
are influenced not only by environmental factors and plant
physiological processes but also by differences in structure and
function in different organs of the same plant (Luo et al., 2021;
Yang and Xu, 2021). Observing changes in environmental and
plant stoichiometry can help identify nutrient-limiting factors for
plant growth and is an important complement to investigating
the relationships between ecosystem stoichiometry and plant
function and environmental adaptation mechanisms (Cao and
Chen, 2017; Tang et al., 2018).

Various factors influence plant stoichiometry, and the soil
C: N: P ratio directly reflects the soil nutrient status and
can be used indirectly as an indicator of plant nutrient status
(Elser et al., 2010). Studying the stoichiometric characteristics
of plants and soils and their interrelationships provides insight
into their feedback processes in terms of nutrients and improves
our understanding of the adaptation mechanisms of plants.
However, due to the study scale, scope, plant species, and other
reasons, there is no unified research conclusion on whether
plant stoichiometry is influenced by soil stoichiometry (Wang
et al., 2015). Therefore, the relationship between plant and soil
stoichiometry needs to be further explored.

There is a close relationship between water and nutrient use
by plants, and plants need to constantly coordinate the balance
between nutrient and water use during growth to adapt to
environmental influences (Li et al., 2021). In recent years, stable
isotope 13C has been widely used to characterize plant water use
efficiency (WUE), which provides important technical support
for the study of the plant WUE. Researching the relationship
between plant water use and plant stoichiometry can enrich the
theory of plant water-fertilizer relationship (Yan et al., 2016).
However, studies on the relationship between plant nutrient use
characteristics, WUE, and soil nutrients are still very limited.

Messerschmidia sibirica is a perennial herb with salt secretion
characteristics and strong adaptability. It is a widely grown
constructive species in the chenier of the Yellow River Delta
(YRD) and plays an important role in species diversity and
ecological function. Previous research on M. sibirica mainly
focused on the distribution survey of plant communities, the
growth and physiological characteristics under salt and sand
burial stresses, and diversity of endophytic bacteria (Lee et al.,
2007; Suzuki et al., 2011; Xie et al., 2015; Zhang et al.,
2019a). The ecological stoichiometry and its dynamic change
characteristics of M. sibirica are not clear, especially from
the perspective of water and nutrient use. It is necessary to
further strengthen the research on the adaptation strategies of
M. sibirica to chenier habitats. Therefore, the seasonal changes
of C, N, and P stoichiometry of M. sibirica and soils in the
chenier of YRD and WUE of M. sibirica were analyzed to
(1) clarify the nutrient characteristics and seasonal dynamics

of nutrient use in different organs of M. sibirica; (2) reveal
the seasonal characteristics of WUE and its relationship with
leaf stoichiometry; and (3) explain the correlation between
different organ stoichiometric characteristics and WUE of
M. sibirica and soil nutrients. The results contribute to a
better understanding of the adaptation of M. sibirica to
the chenier coastal environment and provide a theoretical
basis for the protection and restoration of vegetation in the
coastal zone of YRD.

MATERIALS AND METHODS

Site Description
The study area is located in the chenier of the YRD in
Wudi County, Shandong Province, China (37◦35′∼38◦12′
N, 118◦33′∼119◦20′ E), with a semi humid continental
monsoon climate. The average annual temperature ranges from
approximately 11.7 ◦C to 12.6 ◦C, and the average annual
precipitation is 550 mm.

Plot Setting and Sample Collection
Sample lines were set along the vertical coastline through grid
distribution, that based on soil texture, geomorphology, and land
use type of chenier of YRD and the distance from the coast. Three
sample points were set on the sample ground wire, the spacing of
each sample point was not less than 1 km, and three quadrats
(each with a size of 5 m× 5 m) were set at each sampling point.

The samples were collected in May, July, and September on
the seaward side, representing the seasons of spring, summer, and
autumn, respectively. Representative M. sibirica communities
were selected and a random sample method was used to collect
three to five complete plant samples, including the root system,
from each sample point, which were placed inside ventilated
bags. A total of 36 plant samples were collected during the
sampling period. The soil samples were collected by using a
4.5 cm diameter special earth drill in four soil depths: 0–10 cm,
10–20 cm, 20–40 cm, and 40–60 cm. Three parallel soil samples
were taken at each sampling point adjacent to the plant. The
soil was placed inside sealed bags and brought back to the lab.
The soil samples were naturally air-dried, sieved, and stored for
extraction and determination. The plant samples were separated
into root, stem, and leaf, then dried at 105◦C for 20 min, and then
transferred to 70◦C for 48 h. The dried samples were grinded, and
then selected by 80 mesh sieving.

Sample C, N, and P Content and δ13C
Determination
The leaf δ13C determination was carried out by the Finnigan
DELTAPlus XP stable isotope mass spectrometer (Thermo
Electron Corp., Waltham, MA, United States). The value of plant
leaf δ13C was calculated by the following formula:

δ13C(h) = (13C/12Csample −
13C/12Cstandard)/

(13C/12Cstandard)× 1000
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in which 13C/12Csample is the 13C/12C ratio of plant leaf samples,
and 13C/12Cstandard is the 13C/12C ratio of glycine in the
determination process.

The total carbon (TC) and total nitrogen (TN) of soil and plant
were determined by element analyzer (Vario EL III, Elementar,
Germany), while total phosphorus (TP) was determined by
molybdenum-antimony colorimetric method (Lu, 1999).

Data Analysis
Excel 2010 (Microsoft Corp., Redmond, WA, United States)
and SPSS19.0 (SPSS Inc., Chicago, IL, United States) were used
to analyze the variance of the data. One-way ANOVAs were
conducted on the C, N, and P contents and their stoichiometric
ratios of soil and roots, stems and leaves of M. sibirica,
respectively. Duncan’s test, Pearson method and maximum
likelihood method was used for multiple comparison, correlation
analysis, and structural equation modeling, respectively.

RESULTS

C, N, and P Stoichiometry in
Messerschmidia sibirica
Seasonal Dynamics of the Stoichiometry of Different
Organs of Messerschmidia sibirica
The C, N, and P contents of each organ of M. sibirica showed
different variation patterns with seasonal changes (Figure 1).
The C content of root was significantly higher than that of the
stem and leaf (P < 0.05), and there was no significant difference
between the stem and leaf (P > 0.05). The C content of the
root did not change significantly with seasonal changes, while the
C content of both stem and leaf showed a significant decrease
with the increase of months (P < 0.05). The N content of all
organs showed a similar change pattern in each month, that
was leaf > stem > root, and the differences were significant
(P < 0.05). The dynamic changes of N showed that N of both
root and stem increased and then decreased with the increase
of the month, and both had the highest value in July, which
was significantly higher than that in May and September. The
maximum leaf N content was in May, and decreased with the
increase of the months, which was different from the change
of root and stem N content. There were differences in the P
changes of each organ of M. sibirica, in which the P showed
leaf > stem > root in May and July (P < 0.05). In September,
it showed stem > leaf > root (P < 0.05). In the whole growing
season, P content showed stem = leaf > root. According to the
dynamic change characteristics, the P content of the root and
stem was highest in September, while the P content of the leaf
decreased and then increased with the month, with the lowest in
July and no significant difference between May and September.

The seasonal pattern of C:N:P stoichiometric ratio was
different for each organ (Figure 1). The C: N ratio showed
root > stem > leaf, and all the differences were significant
(P < 0.05). The C: N of both root and stem tended to decrease
and then increase with increasing months. The maximum of root
C:N was in May, the maximum of stem C:N was in September,

and the lowest of both root and stem occurred in July with 33.64
and 19.38, respectively. Leaf C:N showed an increasing trend with
increasing months. Root C:P was significantly higher than that of
both stem and leaf throughout the growing season (P < 0.05),
and its C:P tended to decrease. Stem and leaf C:P showed similar
trends, both increasing first and then decreasing. C:P of root,
stem, and leaf was lowest in September and highest in May,
July, and July, respectively. N:P in different organs showed that
leaf > root > stem (P < 0.05), and the dynamic change pattern
of N:P in different organs was similar. The N:P of root, stem, and
leaf increased and then decreased with increasing months, with
the highest in July and the lowest in September, respectively.

Correlation Analysis of C, N, and P Contents and
C:N:P Ratios in Messerschmidia sibirica
There were high correlations in C, N, P content and C:N:P ratios
of M. sibirica (Table 1). The correlations were different between
different seasons. In May, the correlations among all indicators
were significant except for N:P. The correlations between July
and May were similar, and N: P was significantly positively and
negatively correlated with N content and C:N, respectively. In
September, significant correlations were reduced. There was no
correlation between C and N, N and P, N and C:P, P and C:N.
In all months, there were no significant correlations among C,
N, and P of M. sibirica, but there were significant correlations
between C, N, and P contents and C:N, C:P, and N:P.

Correlation Analysis of Stoichiometry Among
Different Organs
The C, N, and P stoichiometric correlations among the organs of
M. sibirica are shown in Table 2. Except for the C which was not
significant between the stem and the root, the other indexes were
significantly positively correlated, and the correlation coefficient
was high, ranging from 0.843 to 0.983. C, P, C:P, and N:P were
significantly and positively correlated between stem and leaf, and
the correlation coefficient was 0.940, 0.744, 0.863, and 0.998,
respectively. However, only N:P was significantly and positively
correlated between leaf and root with a correlation of 0.989. N:P
had the highest correlation in all organs and was most closely
related to each organ.

δ13C Dynamics Analysis and Correlation
Analysis Between δ13C and Leaf
Stoichiometry
The seasonal variation of WUE of M. sibirica leaf is shown in
Figure 2. WUE in May was significantly higher than in July
and September (P < 0.05). There was no significant difference
between July and September. The average δ13C during the
growing season was−29.98h, which was significantly lower than
the global plant δ13C average of−28.74h.

Correlation analysis (Table 3) showed that the WUE of
M. sibirica was significantly positively correlated with leaf C and
leaf N (P < 0.01) and significantly negatively correlated with
leaf C:N. In addition, WUE was positively correlated with leaf P
content and N:P but did not reach a significant level.

Structural equation modeling was used to analyze the effect of
water utilization and seasonal variation on C, N, and P nutrient
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FIGURE 1 | Seasonal dynamics of C, N, and P stoichiometry in different organs of M. sibirica. Different capital letters indicate the significant difference in the same
organ in different months, and different small letters indicate the significant difference between different organs in the same month.

TABLE 1 | Correlation of C, N, and P Stoichiometry in different months of M. sibirica.

Month Indexes N% P% C:N C:P N:P

May C% −0.795* −0.936** 0.926** 0.937** −0.159

N% 1 0.889** −0.937** −0.789* 0.666

P% 1 −0.993** −0.983** 0.251

C:N 1 0.954** −0.363

C:P 1 −0.067

July C% −0.871** −0.928** 0.946** 0.944** −0.621

N% 1 0.918** −0.966** −0.896** 0.880**

P% 1 −0.986** −0.997** 0.621

C:N 1 0.980** −0.733*

C:P 1 −0.581

September C% −0.655 −0.909** 0.851** 0.977** 0.165

N% 1 0.311 −0.953** −0.519 0.630

P% 1 −0.584 −0.973** −0.542

C:N 1 0.753* −0.365

C:P 1 0.336

Overall month C% −0.516 −0.748 0.719** 0.817** 0.045

N% 1 0.344 −0.928** −0.531** 0.589**

P% 1 −0.465** −0.921** −0.501**

C:N 1 0.664** −0.471*

C:P 1 0.301

*p < 0.05, **p < 0.01.

characteristics (Figure 3). Seasonal variation had a significant
direct negative effect on leaf P (P < 0.001) and a significant
positive effect on leaf N (P < 0.05), while the effect on C content
and δ13C was not significant (P > 0.05). The direct effects of

δ13C on the C, N, and P content of leaves were positive. The
results of structural equation modeling were consistent with the
results of correlation analysis, and all the above effects reached
a highly significant level. The effect coefficients showed that the
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TABLE 2 | Correlation of C, N, and P stoichiometry among roots, stems and
leaves of M. sibirica.

Indexes Organ Stem Leaf

C Root 0.533 0.615

Stem 0.940**

N Root 0.886** 0.061

Stem 0.511

P Root 0.934** 0.472

Stem 0.744*

C:N Root 0.858** 0.124

Stem 0.613

C:P Root 0.843** 0.462

Stem 0.863**

N:P Root 0.983** 0.989**

Stem 0.998**

*p < 0.05, **p < 0.01.

FIGURE 2 | Seasonal variation characteristics of δ13C in leaves of M. sibirica.

negative effect of seasonal variation on the leaf stoichiometric
P was greater than the positive effect of WUE on it, and the
positive effect of WUE on the leaf N content was greater than
the positive effect of seasonal variation on it. In addition, leaf C
content was more significantly influenced by the direct effect of
WUE. Leaf P content was influenced by the opposite effects of
seasonal variation and WUE, while leaf N content was influenced
by the same positive effect of both.

Seasonal Dynamic Analysis of C, N, and
P Stoichiometry in Different Soil Layers
The C, N, and P stoichiometric characteristics of each soil layer
at different seasons are shown in Figure 4. Overall, there was
no significant change in C content with seasonal change in the
same soil layer. However, the C of different soil layers showed a
trend of increasing and then decreasing with increasing depth.
The highest C content was in the 20–40 cm soil layer, which was
significantly higher than that in the 0–10 cm soil layer. In the
same soil layer, the N of the 40–60 cm soil layer showed a trend
of decreasing and then increasing with seasonal changes, while
the differences of N content of other soil layers with seasonal
changes were not significant. Vertically, the pattern of variation
in N content between soil layers in each month was consistent,
showing a decrease with increasing soil depth. P content tended
to increase in the 10–20 cm soil layer with increasing months, and
was significantly higher in September than in July, while there was
no significant difference in P content between May and July. The
overall P content variation in each soil layer was similar to the N
variation characteristics.

In soil stoichiometric ratios, the seasonal variation of C:N in
the same soil layer showed a general trend of increasing and
then decreasing, but the seasonal variation in the same soil layer
did not reach the level of significant difference. In the same
month, the differences between soil layers were not significant.
Similarly, both C:P and N:P did not reach significant levels
of difference among months, but there were some differences
among soil layers under the same month. In May, the C:P of
20–40 cm soil layer was significantly higher than that of the
other three soil layers, and the N:P of 0–20 cm soil layer was
significantly higher than that of 40–60 cm soil layer. In July,
C:P and N:P were similar between different soil layers and were
not significantly different. In September, C:P in 20–40 cm soil
layer was significantly higher than that in 0–20 cm soil layer, and
N:P in 0–40 cm soil layer was significantly higher than that in
40–60 cm soil layer.

Correlation of C, N, and P Stoichiometry
and Water Use Efficiency in
Messerschmidia sibirica and Soils
Redundancy analysis (RDA) of stoichiometry, WUE inM. sibirica
and soils are shown in Figure 5. The longer rays of soil N:P
and soil P content suggested that both were important factors

TABLE 3 | Correlation between water use efficiency (WUE) and leaf stoichiometry.

Indexes C% N% P% C:N C:P N:P δ 13C

C% 1 0.944** 0.067 −0.895** 0.019 0.352 0.849**

N% 1 −0.094 −0.989** 0.178 0.518 0.888**

P% 1 0.226 −0.996** −0.900** 0.171

C:N 1 −0.307 −0.628 −0.849**

C:P 1 0.933** −0.101

N:P 1 0.238

δ13C 1

**p < 0.01.
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FIGURE 3 | Relationships between season, water use efficiency, and C, N, P content in the leaves of M. sibirica. Solid lines are statically different at P < 0.001, while
dotted lines are not significant at P > 0.05.

FIGURE 4 | Seasonal dynamics of C, N, and P stoichiometry in different soil layers. Different capital letters indicate the significant difference in the same soil layer in
different months, and different small letters indicate the significant difference of different soil layers in the same month.

affecting the ecological stoichiometric characteristics and WUE
of each organ of M. sibirica. In contrast, the ray of soil C, soil C:P,
and soil C:N were shorter, indicated that the influences of these
three factors were less. Soil P content was positively correlated
with root C:N, root C content, stem C:N and leaf P content, and
negatively correlated with root N content, stem N, C:P, N:P and
leaf δ13C. Soil N:P was positively correlated with root P content,
stem P content, and leaf C:N, and was negatively correlated with
root C:P, stem C content, leaf C content, leaf N content, and leaf
δ13C. The stoichiometric characteristics of root, stem, and leaf
were greatly affected by soil N:P in September.

DISCUSSION

Stoichiometric Characteristics and
Correlation of C, N, and P in Different
Growing Seasons of Messerschmidia
sibirica
The ecological stoichiometric characteristics of plants under
seasonal changes reflect the inherent response and adaptation of
plants to environmental changes. For example, a study on the
dominant shrubs in a dry-hot valley showed that the contents
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FIGURE 5 | Redundancy analysis of stoichiometry, WUE in M. sibirica and soil nutrients. C, Plant carbon content; N, Plant nitrogen content; P, Plant phosphorus
content; C: N, Plant C: N; C:P, Plant C:P; N:P, Plant N:P; C13, Plant WUE; TC, Soil carbon content; TN, Soil nitrogen content; TP, Soil phosphorus content; TC:N,
Soil C:N; TC:P, Soil C:P; TN:P, Soil N:P.

of C, N, and P in leaves varied with seasons, and the seasonal
variation of C content was less than that of N and P content
(Liu et al., 2020). Xiong et al. (2020) found that the leaf N and P
contents of typical dicotyledons in the Mongolian steppe showed
a decreasing trend throughout the growing season.

In this study, C content of root, stem and leaf of M. sibirica did
not vary significantly with the seasons, but N and P contents of
each organ showed significant variability with the seasons, with
leaf N gradually decreasing and the P content first decreasing

and then increasing with the seasons. This was consistent with
some previous studies (Niu et al., 2013; Jing et al., 2020). N
and P were regarded as the most important nutrient factors
in limiting plant growth (Drinkwater and Snapp, 2007). With
the change of seasons, plants optimized their growth as much
as possible through the rational distribution and adjustment of
nutrients in various tissues (Weih et al., 2016). In this study, the
N content of M. sibirica was more distributed in the leaf during
the early growth period, the N content of root and stem was
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more dominant during the peak growth period, and N contents
in stem and leaf were affected during the late period, with little
effect on the root. The P content in each organ was the most in
September, indicating that the accumulation of P in each organ
had an advantage in the later growth stage. The response patterns
of N and P content of each organ of M. sibirica with the seasons
reflected the distribution and transfer characteristics of nutrients
at different growth stages. In addition, the path analysis showed
that seasonal changes had different effects on N and P contents
in leaves, which was related to the element concentration pattern
in plant was affected by plant developmental stage and weather
(Weih et al., 2016; Zhang et al., 2016).

Plant C:N:P was an important physiological index, that
reflected the growth rate of plants. Plant C:N and C:P were
used to reflect plant utilization of nutrients (Wang et al., 2014).
There was a significant correlation between the C, N, and P
content and the stoichiometric ratios of C:N, C:P, and N:P in
different seasons, which reflected one of the general laws of
nutrient stoichiometry in higher terrestrial plants, that was, the
dominant role of plant leaf N and P contents on leaf C:N and C:P
(Sardans et al., 2012). It reflected the strong coupling mechanism
between plant nutrients (Zhou et al., 2019). Previous studies have
found that the distribution of N and P content in leaf followed a
certain stoichiometric law. Plants maintained a dynamic balance
of C:N:P through stoichiometric homeostasis mechanism. Leaf
N:P increased with increasing plant age, reflecting the transition
from N-limited to P-limited, a dynamic mechanism usually
observed in both short- and long-term time series (Fan et al.,
2015). Dynamic nutrient stoichiometry and limitation implied
plant nutrition status at different growth stages (Bratt et al., 2020).
In this research, the seasonal dynamics of leaf N:P reflected the
variation of the N nutrient limitation degree of M. sibirica. In
July, leaf N:P increased significantly compared with May, and
N:P was close to 14, indicating that the nutrient limitation degree
of N content was reduced in this period, and the growth of
M. sibirica was in a relatively good nutritional state. In September,
N:P was significantly lower than in May and July, indicating
an increase in N limitation at the end of growth. This was
consistent with the trend of increasing and then decreasing
N:P in aboveground organs of Imperata Cylindrica with seasons
(Niu et al., 2013).

Physiological differences in the structure and function of
different organs may lead to differences in nutrient uptake and
accumulation in different organs of plants (Feng et al., 2019;
Li et al., 2019). In the present study, there was no significant
correlation in C among the root, stem, and leave of M. sibirica,
which was consistent with the results of Liu et al. (2020).
And there was a correlation between the utilization of N and
P nutrients by various plant organs (Han et al., 2005; Ping
et al., 2014). In our study, the N:P between root and stem,
stem and leaf, and leaf and root of M. sibirica showed highly
significant positive correlations, which were consistent with the
previous studies (Yuan et al., 2011), and reflected the uniformity
of growth among plant organs. More correlations were seen
between stem and leaf, root and stem than those between leaf and
root, and this result was similar to that of Platycladus Orientalis
(Feng et al., 2019).

Relationship Between Water Use
Efficiency and Leaf Stoichiometry of
Messerschmidia sibirica
Plant nutrients regulated the plant’s photosynthetic capacity by
influencing leaf stomatal opening and photosynthetic rate, which
in turn influenced plant δ13C (Zhang et al., 2019b). In this study,
the significant correlations of δ13C with C, N contents, and C:N
of leaf indicated that there were important effects of leaf WUE
on stoichiometric characteristics. The WUE of M. sibirica was
positively correlated with the leaf C content, which was consistent
with the physiological characteristics that carbon fixation and
WUE were closely related in the plant photosynthesis process,
and reflected the relationship between them. The higher the plant
WUE, the higher the amount of leaf carbon assimilated into
organic matter (Basso and Ritchie, 2018). Within a certain range,
the increase in plant N content promoted photosynthesis. The
significant positive correlation between WUE and leaf N content
in this study was due to a positive correlation of leaf N content
with carboxylation efficiency and photosynthetic capacity, and
therefore there was a positive correlation between δ13C and leaf N
content (Hamerlynck et al., 2004). The structural equation model
(SEM) analysis showed that seasonal variation did not contribute
to the leaf stoichiometry by directly affecting its WUE. This
reflects the effect of plant growth stage on WUE, which mainly
depends on the change of external environmental conditions,
such as precipitation, temperature, and light.

Plant leaf C:N ratios were found to be an important indicator
of N distribution and utilization, as well as C acquisition and
assimilation (Hedges et al., 1986). Plants with higher WUE had
lower nitrogen use efficiency in natural ecosystems (Sheng et al.,
2011). Xia et al. (2020) studied two types of halophytes and found
that δ13C and C:N in the leaf of both salt-dilute halophyte and
salt-repellent halophyte were significantly negatively correlated.
This study showed that M. sibirica was similar to the other two
types of halophyte in terms of growth adaptation strategies. Salt-
secreting plants could also compensate for the reduced N use
efficiency by increasing WUE, especially in barren environments,
plant water and nutrient use efficiencies might compensate for
each other (Salazar et al., 2018).

Stoichiometry Correlations Between
Different Organs of Messerschmidia
sibirica and Soil
Soil was the main source of plant nutrients, and the C, N, and
P content and stoichiometry of plants were influenced by soil
fertility (Lambers et al., 2008). Plant leaf P content was dominated
by soil P content, and Chinese plant leaf P content was lower than
global plant leaf P content, which was probably due to the lower
soil P content of China (He et al., 2008). Our study found that
the leaf P content of M. sibirica was significantly and positively
correlated with soil P content, suggesting that soil P content was
one of the important factors affecting M. sibirica nutrient, which
was consistent with the theory that low soil P content caused low
leaf P content in plants (He et al., 2008). However, Geng et al.
(2011) found that there was no significant correlation between
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leaf P content and soil P content in Inner Mongolia grasslands.
The same phenomenon was found between Robinia pseudoacacia
L. and soil in the Loess Plateau (Li et al., 2013). This suggests
that the plant–soil nutrient relationship varies depending on the
region or species.

The C:N:P ratio in soil directly reflected soil fertility and
nutrient status, and influenced plant growth to a certain extent.
Studies on the leaf and soil nutrients of nearly two thousand
plant species in China showed a positive correlation between the
stoichiometry of soil and plant leaf (Han et al., 2011). Previous
studies showed that the N:P of subtropical eucalyptus leaves was
significantly correlated with soil N:P (Fan et al., 2015). Both
C:P and N:P were positively correlated between soil and Robinia
pseudoacacia L. in the Loess Plateau (Cao and Chen, 2017). In
addition, in the YRD, C:P of Phragmites communis leaf and soil
N:P were positively correlated, C:P of Limonium bicolor leaf and
both C:P and N:P of soil were positively correlated, and C:P
of Suaeda salsa leaf and soil N were positively correlated (Li
et al., 2021). In this study, we found that the soil N:P in the
chenier of YRD was significantly lower than the soil N:P of
forest ecosystems in the country, indicating a soil N deficiency
in this region. The leaf C:N of M. sibirica was strongly and
positively correlated with soil N:P, indicating that N:P was more
closely related to leaf building efficiency than N and P content
in soil. Chen et al. (2016) found that the nutritional variation
of different organs of Cunninghamia lanceolata had a relative
consistency with that of soil, which ensured the stable growth
and development of Cunninghamia lanceolata. In our work, the
correlations between root N content and soil N: P, between root
and stem C: N and soil N content, and between leaf P content
and soil P content were significant and positive, indicating a
good correlation between each organ of M. sibirica and soil
stoichiometry, and embodying a close relationship between
M. sibirica and soil nutrient environment with mutual constraints
and interactions, which enhances the adaptability of M. sibirica to
grow in this region.

CONCLUSION

The accumulation of N and P by above-ground leaves and stem
was higher than that by below-ground roots in various growing
seasons of M. sibirica. The plant N was mainly distributed to
the leaves in the early growth stage and to the roots and stem
in the peak growth stage of M. sibirica. The accumulation of P
in each organ was dominant in the later stages of growth. The
ratio of C:N, C:P, N:P in different growing seasons showed the
highest utilization efficiency of N and P in the root and the
lowest limitation of N in the leaf. The degree of N restriction of
M. sibirica decreased in July, and increased in September. The

overall C, N, and P content and stoichiometric ratio of M. sibirica
were strongly correlated, reflecting the coupling between plant
nutrient elements. The N:P of root and stem, stem and leaf, and
leaf and root were strongly significantly and positively correlated,
indicating the same nutrient-limited growth of each organ. The
stoichiometric correlations between stem and leaf and between
root and stem were higher than those between leaf and root.
The δ13C of M. sibirica was significantly higher in May than in
July and September, and it was strongly and positively correlated
with leaf C and N content, indicating that WUE played an
important role in nutrient accumulation. The highly significant
negative correlation between WUE and leaf C:N indicated that
M. sibirica could not optimize both water and nutrient use in
the relatively poor soil habitat, and there was a compensatory
effect between water and nutrient use. RDA showed that there
was mutual influence and constraint between the root, stem,
and leaf of M. sibirica and soil in terms of stoichiometry. Soil P
content and soil N:P were the main factors affecting the ecological
stoichiometric characteristics and WUE of M. sibirica. This study
provides valuable information for the protection and restoration
of M. sibirica.
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Melatonin priming has been widely reported to positively affect seed germination
under abiotic stresses. However, there is still a gap in knowledge on how melatonin
priming impacts the seed germination and physiological change of wetland plant
species. We assessed the effects of different melatonin concentrations on germination
characteristics, antioxidant defense, and reserve mobilization of Suaeda corniculata
seeds. Priming of S. corniculata seeds with 50 µM melatonin significantly improved
the germination rate, germination speed, germination index, superoxide dismutase and
peroxidase activity, and soluble sugar content as compared with the control, and
effectively reduced the malondialdehyde content, promoted starch, soluble protein,
and fat mobilization. However, the stress tolerance ability of S. corniculata seeds was
reduced by high melatonin concentration. The structural equation model indicated
that the melatonin priming directly affects the seed germination, while also indirectly
regulating the antioxidant defense system and reserve mobilization. In conclusion,
melatonin priming affects the S. corniculata seed germination under salinization stress
in a concentration-dependent manner via both direct and indirect regulatory pathways.
Insights into these aspects will advance our understanding of how melatonin priming
affects S. corniculata seed germination and provide invaluable information and technical
support for the restoration of salinized wetlands in the Momoge National Nature Reserve.

Keywords: antioxidant defense, melatonin priming, reserve mobilization, salinization stress, seed germination,
Suaeda corniculata, wetland restoration
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INTRODUCTION

Salinization causes major losses in the earth’s ecosystem, with
nearly 831 million hectares of land undergoing salinization
globally (Ma et al., 2015; Zhao et al., 2021a). Salinization is
becoming more widespread due to the interactions between
the global climate change and anthropogenic hydrological
modifications, especially in the wetland ecosystems in arid and
semi-arid regions (An et al., 2019; Feghhenabi et al., 2020; Wang
et al., 2021). Salinization not only changes the fundamental
physicochemical properties of soil, but also negatively affects the
seed germination and plant growth by disturbing the physio-
biochemical processes including ionic imbalance, oxidative
stress, and osmotic stress, thereby reducing the effective wetlands
area, thereby resulting in gradual changes or even disappearance
of wetland ecosystem services (Tahjib et al., 2018; Wang
et al., 2019; Zhang et al., 2019). Therefore, the quick and
effective restoration of salinity-degraded wetlands has become an
urgent global concern.

Seeds are pivotal propagative organs which carry the genetic
information and support the multifunctional evolution in plants
(Kettenring and Tarsa, 2020). Employing strategic seed-based
approaches in wetland restoration is key to faster and complete
recovery of the targeted underlying vegetation structure and
composition (James and Carrick, 2016; Zhang M. Y. et al.,
2021). Besides being the beginning of the life cycle of higher
plants, seed germination is also the most environmentally stress-
sensitive stage of the plant’s life history (Chen et al., 2021).
Previous studies had identified that salinization weakens the
seeds’ ability to absorb water from the soil as well as inhibits
the growth of the seed and the embryo (Li et al., 2019).
Moreover, salinization disturbs the delicate balance between the
intracellular ROS production and scavenging, and also reduces
the ability of reserve mobilization in seeds (Ibrahim, 2016).
The seed’s stress-amelioration techniques, which can address
limiting environmental constraints, are crucial for improving
outcomes in degraded salinized wetlands (Kettenring and Tarsa,
2020). In recent decades, various strategies have been adopted
to enhance the abiotic stress tolerance of seeds, such as genetic
approach, genetic engineering, and plant breeding. However,
these methods are complex, time-consuming, expensive, and
have biosafety issues (Cao et al., 2019; Johnson and Puthur, 2021).
Therefore, the development of a simple, effective, and economical
strategy will be significant in improving the salinization stress
tolerance of seeds.

Priming is a pretreatment technology which hydrates the seed
in specific solutions for initiating specific metabolic processes
before germination (Masondo et al., 2018). It is proven to
be an effective and safe strategy for addressing the current
and future issues of seed germination under abiotic stress
conditions (Forti et al., 2021). The priming treatment enhances
the inherent tolerance potential of seeds through many mediums,
which, based on hormone, have been widely applied in the
pretreatment of commercial seeds (Li et al., 2020; Zhang
Y. et al., 2021). Melatonin (N-acetyl-5-methoxtryptamine), an
endogenous indoleamine, is a highly evolutionarily conserved
multifunctional molecule, which is proven to be an abiotic

anti-stress hormone in seeds and is recently being considered as a
research hotspot in the priming domain (Li et al., 2016; Arnao
and Hernandez-Ruiz, 2019; Zhang T. G. et al., 2022). Recent
studies have demonstrated that melatonin priming boosted
the activities and transcript levels of antioxidant enzymes in
seeds for effectively scavenging salinization stress-induced ROS,
and consequently improving their salinization stress tolerance
ability during seed germination (Yan et al., 2020). Additionally,
melatonin priming also promotes seed germination under
salinization stress by regulating carbohydrate metabolism and
enhancing reserve mobilization (Zhao et al., 2015; Seneviratne
et al., 2019). However, due to the differences in seed parameters,
the most optimum effect of melatonin priming needs to be
quantified according to the target seed. Additionally, most studies
have focused only on how melatonin priming affects crops and
fodder grasses, but little is known about their effect on wetland
species under salinization stress.

The Ramsar-listed Momoge National Nature Reserve
(MNNR), a vital stopover habitat on the migration route of
East Asian-Australasian migratory birds, serves as an ecological
barrier in preventing the soil salinization and desertification in
the Songnen plain (Tang et al., 2021; Zhang M. Y. et al., 2022).
Over the past 50 years, soil salinization due to climate change
and anthropogenic activities has resulted in a loss of wetland
area and severely limited the ecological service functions in
the MNNR (Li X. Y. et al., 2017). As an indigenous species,
Suaeda corniculata is widely distributed in the lake, river, and
saline wetlands in MNNR. It was selected as the pioneer species
for vegetation restoration in this region due to their ability to
absorb soluble salt from soil and consequently increase their
organic matter content (Zhao et al., 2003; Yang et al., 2017;
Wang D. W. et al., 2020). Recently, the MNNR plans to not only
implement the seed-based wetland restoration project, but also
enhance the salinization stress tolerance ability of S. corniculata
to improve their impact on wetland restoration. Therefore,
studying the effect of melatonin priming on S. corniculata seed
germination, antioxidant defense, and reserve mobilization is of
great importance in achieving wetland restoration.

Due to the primary aim of restore degraded salinization
wetlands, current studies have deepened our comprehension
of sexual propagation-based restoration strategies. However,
little is known about the positive effects of improve stress
tolerance of germinating seeds by priming treatment (Wang
X. Y. et al., 2020; Zhao et al., 2021b). In this study, laboratory
experiment was carried out to investigate the effects of melatonin
priming on S. corniculata seed germination, antioxidant enzyme
activity, and reserve mobilization. The aims of this study
are: (1) to examine the response of S. corniculata seed
germination to melatonin priming; (2) to identify the effect
of melatonin priming on S. corniculata seed’s antioxidant
enzyme activity and reserve mobilization; and (3) to reveal the
tolerance regulatory pathways induced by melatonin priming
during S. corniculata seed germination under salinization stress
conditions. We hypothesized that the accelerating effect of
exogenous melatonin happens in a concentration-dependent
manner during S. corniculata seed germination under salinization
stress. This study will assist facilitate the understanding of the
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protective effects of seed priming under abiotic stress conditions,
and also provide technique guidelines for salinized wetland
restoration in the MNNR.

MATERIALS AND METHODS

Seed Materials
Matures seeds were collected in late September 2020 from the
wild S. corniculata populations in the Ertou wetlands in the
MNNR (45◦53′ – 45◦55′ N, 123◦36′ – 123◦41′ E). The collected
seeds were air-dried indoors under dark conditions and then
stored in cloth bags at 4◦C until the start of the experiment in
January 2022. Healthy S. corniculata seeds were surface-sterilized
using 75% ethanol for 10 min and then rinsed 9 times with
distilled water, and the water was wiped off the seeds surface with
sterile filter paper in the super clean bench before being used in
the experiments.

Experimental Design
The experiment was conducted in the Key Laboratory of
Wetland Ecology and Environment of the Northeast Institute
of Geography and Agroecology, Chinese Academy of Sciences.
We selected six priming treatments: MT10 (10 µM melatonin),
MT20 (20 µM melatonin), MT50 (50 µM melatonin), MT100
(100 µM melatonin), MT200 (200 µM melatonin), and CK
(distilled water). Seeds were incubated in each priming solution
for 12 h. For each treatment, 25 seeds were evenly placed in
Petri dishes (diameter 9 cm) containing double Whatman No.
1 filter paper soaked with 2 ml of 30 mM NaHCO3 solution
(the salt solution concentration data comes from the MNNR),
and sealed with Parafilm R© to prevent moisture evaporation. The
seeds were then germinated in an artificial climate box (RDN-
300B-4, China) under an alternating cycle of 12/12 h light and
dark at an average temperature of 22.5/8.6◦C (the climate data
represents field conditions in May in the MNNR). For each
germination treatment, five independent replicates were used
(three petri dishes were used to test the germination rate of
S. corniculata seeds, while two petri dishes were used to cultivate
testable seed materials). Germinated seeds were recorded daily,
and germination was considered having occurred when the
radicle ≥ 2 mm. The entire experiment lasted for 7 days (from
6th to 12th January, 2022) and partial seeds were harvested on
days 1, 3, 5, and 7, and immediately frozen in liquid nitrogen and
stored at−80◦C until further analysis of antioxidant enzymes and
reserve substances.

Determination of Germination
In order to describe seed germination changes, the germination
rate (GR), germination speed (GS), and germination index (GI),
were measured according to following Biju et al. (2017):

GR =
n
N
× 100% (1)

GS = (N1 +
N2 − N1

2
+

N3 − N2

3
+ ...+

Nt − Nt−1

t
) × 100

(2)

GI =
∑ Gt

Dt
(3)

where n is the number of germinated seeds, N is the total number
of the tested seeds, Nt is the percentage of germinated seeds at the
tth days, Gt is the number of germinated seeds in t days, and Dt is
the corresponding germination days.

Determination of Antioxidant Enzyme
Activity and Reserve Content
The activities of superoxide (SOD), peroxidase (POD), and the
malondialdehyde (MDA) content were determined via WST-8,
visible-spectrophotometry and TBA-spectrophotometry by using
detection kits (M0102B, M0105B, M0106B, Michy Biomedical
Technology Co., Ltd., Suzhou, China), respectively. The contents
of starch (ST), soluble sugar (SS), and soluble protein (SP)
were determined by detection kits (M1101B, M1503B, M1806B,
Michy Biomedical Technology Co., Ltd., Suzhou, China) which
are based on anthrone-sulfuric acid colorimetry, anthrone
colorimetry, and Lowry’s method, respectively. The fat content
was determined by the supercritical fluid-Soxhlet extractor
using petroleum ether as the extraction buffer (Soriano et al.,
2011). All the samples were conducted in three independent
biological replicates.

Statistical Analysis
Statistical analysis was conducted using SPSS 22.0 (SPSS,
Chicago, IL, United States) and Origin Pro 2022 (OriginLab,
Northampton, MA, United States). The data normality and
homogeneity were checked before further analyses; seed GR,
SOD, and ST were log-transformed and square root transformed
to meet the assumptions of homoscedasticity. Effects of
melatonin priming on S. corniculata seeds under salinization
stress were evaluated using one-way analysis of variance
(ANOVA). Duncan’s multiple comparison test was used to
determine the significant differences at the 0.05 significance
level. Pearson’s correlation analysis was performed to identify the
correlational relationship between antioxidant enzymes, reserve
contents, as well as seed germination. Structural equation model
(SEM) analysis was performed to evaluate the direct and indirect
regulatory pathways of melatonin priming on S. corniculata seed
germination in SPSSAU1.

RESULTS

Seed Germination Characteristics
Among the different priming treatments, we observed significant
differences in the S. corniculata seed GR (F = 20.64, p < 0.05),
ranging from 51.33 to 87.33%, with the maximum and
minimum being recorded in the M50 and M200 treatments,
respectively (Figure 1A). Priming treatment significantly affected
the GS (F = 13.20, p < 0.05), which peaked in M50 (7.47)
and was 1.80 times greater than in the M200 treatment
(Figure 1B). Additionally, the GI was significantly affected by
the priming treatments (F = 19.75, p < 0.05). The GI values

1www.spssau.com
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FIGURE 1 | Effect of melatonin priming on Suaeda corniculata seed germination (means ± standard errors, n = 3). (A) Germination rate of Suaeda corniculata
seeds. (B) Germination speed and Germination index of Suaeda corniculata seeds. Different capital letters indicate the significant differences in GS at the 0.05
significance level. Different small letters indicate the significant differences in GI at the 0.05 significance level.

recorded in the M50 treatment (27.41 ± 0.89) were 61.05
and 92.28% higher than those in CK and M200 treatment,
respectively (Figure 1B).

Antioxidant Enzymes Activity and
Malondialdehyde Content
We identified significant differences in the activities of
antioxidant enzymes of S. corniculata seeds at each stage under
different melatonin priming treatments (Table 1 and Figure 2).
The antioxidant enzymes activities showed a gradually increasing
trend during germination stage, with both SOD and POD
activities peaking in the M50 treatment on the 7th day, and which
were 2.59 and 3.67 times greater than the M200 treatment during
the same period (Figures 2D,H). The degree of membrane lipid
peroxidation in S. corniculata seeds was significantly affected by
the melatonin priming treatments (Figure 2). The MDA content
gradually decreased with germination time, with its lowest value
appearing in the M50 treatment on the 7th day, and it was 27.33%
lower than that on the 1st day (Figures 2I,L).

Reserve Mobilization
Melatonin priming significantly affected the reserve mobilization
process in S. corniculata seeds (Table 1). The trend of
changes in the starch and fat contents was basically uniform
across each stage, i.e., they decreased significantly with the
increase in germination days, where the seed starch and fat
contents under M50 treatment decreasing up to 40.36 and
8.87%, respectively (Figures 3A,D). The soluble sugar content
continuously increased with the germination stage, with the
increase ranging from 13.90 to 56.11% under each melatonin
treatment (Figure 3B). Additionally, the soluble protein content
initially increased before decreasing during the process of

S. corniculata seed germination (Figure 3C). By the 7th day, the
soluble protein content of the M200 treatment was the highest,
thus indicating that its mobilization level was significantly lower
than in the other treatments.

The Coupling Relationships of Seed
Germination, Antioxidant Enzyme
Activity, and Reserve Mobilization Under
Melatonin Priming Treatments
We observed significant positive relationships between SOD,
POD, and soluble sugar, while there were significant negative
relationships with MDA, starch, soluble protein, and fat
(Figure 4). Additionally, the GR was significantly correlated
with antioxidant enzymes’ activity and reserve mobilization.
The SEM analysis showed that the differences in melatonin
concentration priming were directly related to the antioxidant
enzymes’ activity, reserve mobilization, and seed germination
(Figure 5). Meanwhile, melatonin priming also indirectly affected
S. corniculata seed germination by affecting their antioxidant
enzymes’ activity and reserve mobilization. Additionally, the
degree of reserve mobilization directly affected the level of
antioxidant enzymes’ activity.

DISCUSSION

Since soil salinization had caused losses of ecological functions
and also in wetland area in the MNNR, the process of effectively
restoring degraded wetlands has attracted a lot of attention
from the wetland manager and policymakers (Zhao et al.,
2021a). Priming treatment, a key technique to alleviate the
effects of abiotic stress on seed germination, had been attempted
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TABLE 1 | Result (F and p-values) of one-way ANOVAs about the priming with melatonin effects on Suaeda corniculata seed antioxidant enzymes activity
and reserve traits.

Traits 1st day 3rd day 5th day 7th day

F p F p F p F p

SOD 8.794 0.000*** 32.911 0.000*** 23.023 0.000*** 9.898 0.000***

POD 9.319 0.000*** 5.148 0.002** 21.700 0.000*** 20.397 0.000***

MDA 3.592 0.013* 5.479 0.001** 2.802 0.046* 10.054 0.000***

ST 0.969 0.454 0.440 0.817 0.292 0.913 2.187 0.040*

SS 3.802 0.010* 0.525 0.755 0.618 0.687 3.316 0.039*

SP 2.824 0.035* 0.406 0.840 0.660 0.657 4.893 0.003**

FA 1.409 0.253 1.090 0.388 1.774 0.152 8.189 0.000***

SOD, superoxide dismutase; POD, peroxidase; MDA, malondialdehyde; ST, starch; SS, soluble sugar; SP, soluble protein; FA, fat; *p < 0.05; **p < 0.01; ***p < 0.001.

FIGURE 2 | The antioxidant enzymes’ activity and MDA content of Suaeda corniculata seeds under melatonin priming during the entire germination period
(means ± standard errors, n = 3). Different letters indicate the significant differences at the 0.05 significance level. SOD, superoxide dismutase; POD, peroxidase;
MDA, malondialdehyde; (a) M10; (b) M20; (c) M50; (d) M100; (e) M200; (f) CK. (A) SOD of 1st day; (B) SOD of 3th day; (C) SOD of 5th day; (D) SOD of 7th day;
(E) POD of 1st day; (F) POD of 3th day; (G) POD of 5th day; (H) POD of 7th day; (I) MDA of 1st day; (J) MDA of 3th day; (K) MDA of 5th day; (L) MDA of 7th day.

recently in wetland restoration engineering (Zhang M. Y. et al.,
2021). It boosts the antioxidant and DNA repair systems,
and also modulates the reserve mobilization for improving
seed germination (Yan et al., 2020; Forti et al., 2021). Our
results support the notion of effectively applying the priming
treatment to wetland plant seed germination, and thus confirm
the previously proposed hypothesis that melatonin priming
had a concentration-dependent effect on S. corniculata seed
germination during salinization stress. Priming with M50 had

significantly positive effects on the seed germination, antioxidant
defense, and reserve mobilization of S. corniculata.

Effect of Melatonin Priming on the Seed
Germination of Suaeda corniculata
Seed propagation is preferred for maintaining plant genetic
variation, and it will also play an important role in the process
of near-naturalized wetland restoration (Kim, 2019). The seed
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FIGURE 3 | The reserve mobilization of Suaeda corniculata seeds under melatonin priming during the entire germination period (means ± standard errors, n = 3).
(A) Starch, (B) Soluble sugar, (C) Soluble protein, and (D) Fat of Suaeda corniculata seeds. Different capital letters indicate significant differences in the germination
stages at the 0.05 significance level; different small letters indicate significant differences in the treatments at the 0.05 significance level.

germination process is usually affected by salinization stress,
which leads to the decrease in germination quality and even
results in an incomplete plant life cycle (Jia et al., 2018).
Multiple studies have shown that melatonin is a major regulator
not only involved in seed germination, but also in diverse
physiological and biochemical processes like stress resistance-
related gene expression, boosting the antioxidant defense system,
and reserve mobilization (Cao et al., 2019; Chen et al., 2021;
Zhang T. G. et al., 2022). Our results showed that melatonin
priming positively affected seed germination of S. corniculata in a

concentration-dependent manner, while significantly increasing
the GR, GS, and GI of S. corniculata seed under the M50
treatment. This finding was consistent with Qin and Zeevaart
(2002) and Ogawa et al. (2003), where they found that
exogenous melatonin priming upregulates the expression of
gibberellins (GA) biosynthesis genes (GA20ox and GA30ox),
while downregulating the key abscisic acid (ABA) biosynthesis
genes (LbNCED1 and LbNCED3), both of which affect seed
germination. Additionally, the appropriate melatonin priming
concentration activated the SOS pathway to improve the seed’s
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FIGURE 4 | The relationship between seed germination, antioxidant enzymes’ activity, and reserve mobilization of Suaeda corniculata. The color gradient denotes
the Pearson’s correlation coefficient. The line width denotes the Pearson’s r value. The line color denotes the statistical significance level. SOD, superoxide
dismutase; POD, peroxidase; MDA, malondialdehyde; ST, starch; SP, soluble protein; SS, soluble sugar; FA, fat.

FIGURE 5 | The structural equation model (SEM) analysis was performed to
evaluate the effect of the influential pathways of melatonin priming on reserve
mobilization, antioxidant activity (SOD and POD) and seed germination. The
arrows indicate the assumed pathways. The arrow width is proportional to the
strength of the pathways. The number on the arrow is the path coefficients
(χ2 = 4.311, dfp = 2, p = 0.116, CFI = 0.995, RMSEA = 0.094).

salinity tolerance at the germination stage by upregulating the
expression of chloride channel proteins (CLC1 and CLC2) (Li
X. J. et al., 2017). Meanwhile, priming with the appropriate
melatonin concentration could up-regulate the ethylene, kinetin,
and brassinolide biosynthetic gene expression and the plant

hormone signal pathways in response to salinization stress
(Zhang Y. X. et al., 2021). However, the mitigative effect of
melatonin priming treatment on salinization stress could be
counterproductive at high concentration. Our results suggested
that the M200 treatment inhibited the S. corniculata seed
germination as compared with the CK treatment. This may be
because high melatonin concentration promoted the synthesis of
endogenous ABA, which regulated seed germination via ABI3,
ABI4, and ABI5 and promotes dormancy via the response factors
like SCHNARCHZAPFEN (SNZ) and ABA overly sensitive 5
(ABO5) (Liu et al., 2010; Zou et al., 2013). This explanation has
been supported by the fact that 1,000 µM melatonin treatment
significantly inhibited the Arabidopsis seed germination as
compared with the untreated control in Lv et al. (2021).

Effect of Melatonin Priming on
Antioxidant Defense of Suaeda
corniculata Seeds
The excessive accumulation of reactive oxygen species (ROS)
not only has irreversible negative effects on seed germination,
but also affects the future seedling growth (Goud and Kachole,
2011). Antioxidant system is one of the major physiological
defense systems protecting against salinization-induced oxidative
stress by improving the antioxidant enzyme activity and
antioxidant contents (Ibrahim, 2016). In this sense, studying
the antioxidant defense is crucial for a holistic understanding
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of priming treatments. Previous studies have demonstrated that
melatonin get through the free radical scavenging cascade,
extends the free radical scavenging capacity of antioxidants
to its multi-stage metabolites. Especially N1-acetyl-N2-formyl-
5-methoxykynuramine, a primary metabolite derived from
melatonin, also has strong antioxidant capacity, thus effectively
protecting organisms from oxidative stress (Balabusta et al.,
2016). Simultaneously, melatonin helps scavenge free radicals
through its receptors by modulating the antioxidant enzymes
in the cells and tissues in a dose-dependent manner (Li
et al., 2018; Cao et al., 2019). Our results showed that the
SOD and POD activities of S. corniculata seeds continued
increasing with the germination stage, which was significantly
higher than others in the M50 treatment. Exogenous melatonin
priming may have indirectly upregulated the expression of
antioxidant enzyme and related genes, which then improves
their efficiency as antioxidants (Arora and Bhatla, 2017; Wang
et al., 2017). However, other studies have demonstrated that
exogenous melatonin priming did not change the antioxidant
enzymes’ activity of Lolium perenne (Zhang et al., 2016; Lu
et al., 2022), and we suspect that melatonin possibly uses
different physiological mechanisms to strengthen the antioxidant
defense. MDA is the indicator of oxidative-stress induced
membrane damage under salinization stress (Ibrahim, 2016).
Our study results showed the MDA content in S. corniculata
seeds continuously decreased during the experiment, and it
decreased up to 27.33% in the M50 treatment. This result
was in agreement with previous findings indicating that a
negative correlation exists between the MDA content and
the activity of antioxidant enzymes (Esfandiari et al., 2008;
Younesi and Moradi, 2015). The possible explanation is that
melatonin treatment increases the autophagy induction capacity
and thereby reduces the accumulation of oxidized proteins,
while also simultaneously controlling the ROS accumulation
by upregulating the antioxidant enzymes activity and their
transcript levels to mitigate membrane lipid peroxidation under
salinization stress (Wang et al., 2015; Sun et al., 2020; Zhang
T. G. et al., 2022). Additionally, it improves the activity of non-
enzymatic antioxidants by regulating the activity of enzymes
in the ASA-GSH cycle, thereby further improving the free
radical scavenging capacity (Ni et al., 2018). Simultaneously,
by up-regulating the genes related to glutathione metabolic
pathway and activating the downstream signal transduction
pathway, also may help explain how melatonin priming improves
the antioxidant defense of seeds under salinization stress
(Zhang Y. X. et al., 2021).

Effect of Melatonin Priming on Reserve
Mobilization of Suaeda corniculata
Seeds
It is well known that the seed reserve is an important factor which
affects germination characteristics, and reserve mobilization
plays an important role in the energy supply and maintains
osmotic balance (Zhao et al., 2018; Lei et al., 2021). Recent
experimental data suggested that the priming treatment regulates
the carbohydrate, protein, and fat metabolism, thereby resulting

in increased seed germination (Li et al., 2019; Chen et al.,
2021). However, the effect of melatonin priming treatment on
reserve mobilization under abiotic stress still needs to be studied
according to the target species. Our results showed that there is
a strong negative correlation between starch and soluble sugar
content variation. A plausible explanation for this phenomenon
could be that melatonin priming upregulated the α-amylase gene
expression, to ensure that starch is broken down into smaller and
simpler molecules which will be used as an energy source by the
organism for seed germination (Cao et al., 2019; Yan et al., 2020).
Previous studies also found that the priming treatment induced
a phased effect on the change of seed soluble protein content
under abiotic stress (Adawy et al., 2003). Priming treatment
induced seeds to adopt the defensive strategy of accumulating
soluble protein for improving the cell’s water holding capacity
and protect its membrane (Li et al., 2010). During the later stage
of germination, hydrolysis of storage proteins provides the energy
for both the hypocotyl growth and new protein synthesis (Wahid
and Bounoua, 2013). Meanwhile, the fat metabolism also pushed
the seed’s developmental switch from dormancy to germination
(Footitt et al., 2002), which was similar to our data.

Pathways of Melatonin Priming in
Suaeda corniculata Seed Germination
The action pathway of priming treatment is the basis for revealing
the driving mechanisms. The SEM analysis showed that there are
both direct and indirect effect pathways of melatonin priming
on the S. corniculata seed germination under salinization stress
conditions (Figure 5). On the one hand, melatonin priming
promoted seed germination by regulating the expression of
stress tolerance, hormone synthesis, and metabolism-related
genes (Zhang Y. et al., 2021). On the other hand, priming
treatment also upregulated the antioxidant enzyme activities
and accelerated the level of reserve mobilization, ultimately
improving the seed germination (Arora and Bhatla, 2017; Cao
et al., 2019; Lu et al., 2022). This study is the first to reveal
the effect pathways of melatonin priming on the S. corniculata
seed germination under salinization stress, and also proved the
feasibility of melatonin priming in improving the germination
of S. corniculata seeds. It is also worth noting that the positive
effects of the melatonin priming we found were concentration-
dependent, which reconfirms our hypothesis.

CONCLUSION

In summary, we comprehensively assessed the effect of melatonin
priming on the S. corniculata seed germination under salinization
stress. Our results showed that the stress-alleviating effect of
melatonin priming is concentration-dependent. The melatonin
priming concentration of 50 µM significantly improved the
germination characteristics of S. corniculata seeds, increased
the activity of antioxidant enzymes to alleviate the salinity
stress-induced membrane lipid peroxidation, and promoted
the reserve mobilization during germination. However, the
treatment of 200 µM melatonin inhibited the above mentioned
physiological activities. Melatonin priming directly influences
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the seed germination of S. corniculata, while also acting via
indirect pathways to regulate the antioxidant defense and reserve
mobilization. Our study is the first to explore the effects
of exogenous melatonin on S. corniculata seed germination,
antioxidant defense, and reserve mobilization under salinization
stress, thereby providing invaluable information and technical
support for the restoration of salinized wetlands. However,
further studies are required to understand the synthetic
effects of salinization stress intensity on the S. corniculata
seed germination post-priming treatments, before a general
conclusion can be drawn.
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Wetlands store >30% of the global soil carbon pool, which is important

for global carbon cycling. However, with global warming and the increase

in regional human activities, an increasing number of wetlands are being

threatened by fires, which have serious effects on carbon cycling in wetlands.

Although plant litter decomposition is one of the key stages of carbon

cycling in wetlands, it is still unclear whether fires affect residual plant

litter decomposition in burnt wetlands and whether the fire season also

causes different effects. To address these knowledge gaps, a plant litter

decomposition experiment was conducted during the growing season in

autumn burnt, spring burnt, and unburnt sites in a Calamagrostis angustifolia

wetland in the Sanjiang Plain (Northeast China). The results show that autumn

burning promotes more mass loss (i.e., 15.9 ± 1.6% in autumn burnt sites

and 14.8 ± 1.7% in autumn unburnt sites) and accelerates the decomposition

of plant litter, whereas spring burning decreases the decomposition rates

of plant litter (i.e., 15.7 ± 1.7% in spring burnt sites and 22.0 ± 2.5% in

spring unburnt sites). As the decomposition time increased, the accumulation

index indicated that carbon was released from plant litter to the surrounding

environment accompanied by mass loss and nutrient elements accumulated

in the residual plant litter. The N/P ratio of plant litter decreased from ca.

20 on day 26th to ca. 9 on day 121st, indicating that N acts as the limiting

element for plant litter decomposition in C. angustifolia wetlands, and the

limitation increased with increasing decomposition time. Our results also

suggest that the autumn burning may promote more carbon loss and nutrient

elements accumulated in plant litter in C. angustifolia wetlands than the

spring burning.
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Introduction

Wetlands, which include both peatlands and other biomass
accumulation-flooded environments, store more than 30% of
the global soil carbon while covering only 8–10% of the world’s
land surface (Yu et al., 2010). Due to surface plant growth
and an anaerobic soil environment, wetlands with high carbon
accumulation rates acted as one of the most important carbon
sink ecosystems during the Holocene (Nilsson et al., 2008). With
the state of global warming in recent years, carbon storage in
wetlands has been threatened by environmental disturbances.
Wetlands have switched from carbon sinks to carbon source
ecosystems, which have serious effects on global carbon cycling
(Gallego-Sala et al., 2018; Loisel et al., 2020). Additionally, most
of the carbon (C) in wetlands is stored in northern regions,
which are located in mid-high latitude regions and are more
sensitive to climate change than other regions (Yu et al., 2010).
Global warming has also markedly increased the intensity and
frequency of fires over the last century and which will continue
to increase in the current century (Flannigan et al., 2013; Gao
et al., 2018). Recently, nearly 4% of the earth’s land surface
has been burnt and this has serious consequences on wetlands
and other ecosystems (Battisti et al., 2016; Just et al., 2017;
van der Werf et al., 2017). Fires not only consume surface
plants and emit ca. 2,200 Tg carbon to the atmosphere, but also
cause serious effects on residual carbon cycling (i.e., soil carbon
mineralization and residual litter decomposition) in natural
ecosystems because they increase the accumulation of pyrogenic
carbon and ash (Butler et al., 2017; Jones et al., 2019; Cong et al.,
2020). Thus, fires have become an important disturbance factor
for carbon cycling in wetland ecosystems (Flannigan et al., 2009;
Turetsky et al., 2015).

For wetlands, fires increase the species diversity and
abundance of plants in the next growing season and this has
great potential to cause more carbon to accumulate in the soil
carbon pool (Marrs et al., 2019; Gao et al., 2021). Apart from the
amount of aboveground biomass, the decomposition of plant
litter also acts as an important factor affecting the amount of
carbon accumulated in wetlands. Most plant litter decomposes
in the surface aerobic layers, and some residual plant litter acts
as long-term carbon stored in the anaerobic layers (Reddy and
DeLaune, 2008). Due to changes in available nutrients, microbial
activities, and hydrological processes, fires also have great
potential to influence the decomposition process of plant litter,
which is closely related to these changing factors (Straková et al.,
2012; Clarkson et al., 2013; Song et al., 2021). For example, in
the Eucalyptus pilularis forest, fire frequency and intensity have
serious effects on the decomposition process of plant litter and
decrease the decomposition rates in long-term high-frequency
burning sites (Brennan et al., 2009). Except for fire frequency
and intensity, the fire season also causes serious effects on the
microbial activities and soil moisture in burnt wetlands and had
been proofed that leads to markedly different effects on plant

growth and organic matter mineralization rates in autumn and
spring burnt sites (Zhao et al., 2012; Gao et al., 2021). Although
these effects of the fire season on plant litter decomposition may
also differ, however, these effects remain uncertain.

Decomposition is not only important for carbon capture in
wetlands but is also an important factor for nutrient element
cycling in wetlands. Dynamic nutrient elements are influenced
by the chemical properties of plant litter and available nutrients
in the surrounding soil and water environment (Wang and
Roulet, 2017; Song et al., 2018). Due to high temperatures during
burning, fires promote nutrient element forms (e.g., P) in soils
to change from organic to inorganic forms, which are more
beneficial for plants and microbes (Wang et al., 2015). Residual
fire products, such as ash and PyC, contain high amounts of
available nutrients and accumulate on the surface of the burnt
sites, which also increase the amount of available nutrients
(Giardina et al., 2000; Pingree and DeLuca, 2018). Thus, the
changes in available nutrients in burnt sites also act as major
factors that influence the dynamics of nutrient elements in
plant litter during decomposition. Compare to spring burning,
autumn burning promotes the availability of more nutrient
elements for plant growth in seasonally frozen regions, and the
effects of autumn burning on plant growth are more direct than
those of spring burning (Gao et al., 2021). However, it is unclear
whether the burning season also has different effects on nutrient
element dynamics in the decomposition process of plant litter in
burnt and unburnt sites.

To address these knowledge gaps, we examined the effects of
the burning season (i.e., spring burning and autumn burning)
on plant litter decomposition in a typical Calamagrostis
angustifolia wetland in the Sanjiang Plain (China) (Zhao et al.,
2012). Based on a 121-day field decomposition experiment, the
mass loss, carbon, and selected nutrient elements (i.e., N, P,
and S) in residual plant litter in autumn, spring, and unburnt
sites were analyzed in detail. The objective of this study was
to provide insights into the impact of the fire season on plant
litter mass loss during the decomposition process at burnt and
unburnt sites. Second, we aimed to identify the differences
in carbon loss and nutrient dynamics of plant litter during
decomposition in burnt and unburnt sites. Third, the potential
effects of nutrient elements on the mass loss of plant litter in the
burnt and unburnt sites were also evaluated.

Materials and methods

Experiment design and sampling

The climate characteristics in the Sanjiang Plain are of a
cold-temperate continental monsoon, with an annual mean
temperature of 1.6◦C and annual mean precipitation of 600 mm
(Gao et al., 2014). The burnt wetland in the Sanjiang Plain
is adjacent to farmland, and nine sites within a homogenous
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area of C. angustifolia wetland were selected for the plant
litter decomposition experiment (Figure 1). Details of the
burnt experimental design and study sites are presented in
our previous studies (Zhao et al., 2012; Gao et al., 2021). The
plant litter for the decomposition experiment was collected
in October 2007 in autumn-burnt sites and in May 2008 in
spring-burnt sites before prescribed burning. Part of the plant
litter was dried at 85◦C for 48 h and used to analyze the
original contents of water and elements. The remaining plant
litter selected for plant litter decomposition experiments were
cut into small pieces (ca. 10 cm), and every 10 g dry weight
plant litter (calculated by water content and wet weight of
fresh plant litters) was placed in a decomposition bag (Nylon,
20 cm × 20 cm, 100 mesh). For the autumn burnt and unburnt
sites, the decomposition bags were placed on the surface of the
soil on 20 October 2007. For the spring burnt and unburnt
sites, the decomposition bags were placed on the surface of
the soil on 11 May 2008. The plant litter of spring burnt
and unburnt sites was collected before spring burning, and
the litter was decomposed in the natural environment from
autumn 2007 to spring 2008. Therefore, the decomposition
times were the same as those for the decomposition bags at
the autumn burnt and unburnt sites. Because all plant litter
was collected from the same vegetation community, the original
contents of carbon and nutrients in plant litter was similar
for all sites. Considering the monthly average temperature in
the Sanjiang Plain (Figure 1), the temperature from May to
September is beneficial for microbial activity, and most of
the mass loss occurred during this period (Fick and Hijmans,
2017). Thus, the start decomposition time in the present
experiment was set on 11 May, when the plant decomposition
bags were placed in the spring burnt and unburnt sites. The
sampling times were June 6th (26 days), July 6th (56 days),
August 10th (91 days), and September 9th (121 days). Three
plant decomposition bags were collected from each site for
further analysis.

Element contents in plant litter

The total mass loss of plant litter in decomposition bags was
calculated as the difference between the original dry weight and
dry weight (85◦C, 48 h) of residual plant litter. The carbon (C)
content of the plant litter was determined using the external
heating potassium dichromate oxidation method (Wu and Tao,
1993). The total nitrogen (N) content of the plant litter was
measured after digestion (concentrated H2SO4 and catalytic)
using a flow continuous chemistry analyzer (Cong et al., 2019).
The total phosphate (P) and sulfur (S) contents of the plant
litter after digestion (HNO3/HClO4/HF) were determined by
atomic emission spectrometry with inductively coupled plasma
(ICPS-7500) (Gao et al., 2014). The C contents in the origin
plant litter was 441.5 ± 8.8 g kg−1 and the N, P, and S contents

of the original plant litter were 2,818.1 ± 331.2 mg kg−1,
199.5± 8.5 mg kg−1, and 538.9± 9.0 mg kg−1, respectively.

Accumulation index of elements

Accumulated or released carbon and selected elements were
indicated by the accumulation index (AI), which was calculated
as follows:

AI =
Mt · Xt

M0 · X0
× 100%

whereMt is the dry mass weight (g) of the plant litter at sampling
time t, Xt is the element content (mg kg−1) of the plant litter at
sampling time t, M0 is the dry mass weight of the original plant
litter, and X0 is the element content (mg kg−1) of the original
plant litter. Because the decomposition starting time of plant
litter in spring burnt and unburnt sites was similar to that in
autumn burnt and unburnt sites, the X0 used for litter bags in
spring unburnt and burnt sites was the same as the elemental
contents of the original plant litter collected in autumn. The AI
lower than 100% indicates the selected elements released from
the plant litter to the surrounding environment, and the AI
higher than 100% indicates the selected elements accumulated
in the plant litter.

Two-way analysis of variance

A two-way analysis of variance (two-way ANOVA) via SPSS
22 (SPSS, Inc.) was used to evaluate whether the different
burnt sites and sampling time were associated with significant
differences in mass loss, AI of carbon and nutrients, and the
mass ratio of selected elements in plant litters. Sampling time
(i.e., day 26th, day 56th, day 91st, and day 121st) and site types
(i.e., autumn burnt, autumn unburnt, spring burnt, and spring
unburnt) were the factors tested. The ANOVA results were then
applied with the different treatments being grouped by Tukey’s
honestly significant differences (Tukey-HSD) test, respectively.
Significant differences are reported at the 0.05 probability level
(i.e., P < 0.05).

Results

Litter decomposition and
accumulation index-carbon

The variations in litter mass loss rates and AI-C at the four
sampling times are shown in Figure 2. There were significant
differences in mass loss rates and AI-C at different sampling
times and sites (Table 1). As the sampling time increased, the
mass loss rates increased from ca. 5% on day 26th to ca. 18%
on day 121st. The mass loss rates in spring unburnt sites in
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FIGURE 1

Location of the studied sites (i.e. spring burnt sites, SB; autumn burnt sites, AB; unburnt sites, UB) in Sanjiang Plain, Northeast China (Gao et al.,
2021), and the average monthly temperature and precipitation in Sanjiang Plain (Fick and Hijmans, 2017).

the four sampling times were higher than those in the other
three site types. The mass loss rate in spring unburnt sites was
21.95 ± 2.54% on day 121st and markedly higher than those in
the other three site types, which were around 15%. The mass
loss rates in the spring and autumn burnt sites were similar and
slightly higher than those in the autumn unburnt sites. The AI-
C of plant litter at the four sampling sites gradually decreased
from ca. 97% on day 26th to ca. 85% on day 121st. The AI-C
of plant litter in autumn-burnt sites was slightly higher than
that in autumn-unburnt sites. However, except on day 26th,
the AI-C of plant litter in the spring burnt sites was markedly
higher than that in the spring unburnt sites. After 121 days of
decomposition, the AI-C in spring unburnt sites was the lowest
at 81.08 ± 2.86% and the AI-C in spring burnt sites were the
highest (86.35 ± 1.96%). The AI-C in the autumn burnt and
unburnt sites were in the middle and slightly close to those in
the spring burnt sites.

Accumulation index of nutrient
elements

There were significant differences in AI-N, AI-P, and AI-S
in the different types of burnt sites, and the sampling time only
caused significant differences in AI-P and AI-S. The interaction
between burn site type and sampling time also had significant
effects on AI-P and AI-S (Figure 3). On day 26th, the AI-N

in residual litter was slightly higher than 100% in burnt sites
and markedly lower than those in unburnt sites, which were
approximately 120%. In the spring unburnt sites, the AI-N
decreased gradually from 122.93 ± 15.82% on day 26th to
96.15 ± 14.17% on day 121st. In contrast, in other site types,
the AI-N increased, and the highest value appeared on day 56th
or 91st, and then decreased gradually. The AI-P in residual
plant litter decreased before day 56th, and the lowest AI-P was
63.52± 3.95% in spring unburnt sites on day 56th. On day 91st,
the AI-P in autumn unburnt sites and spring burnt sites was
higher than 200% and markedly higher than those in the other
two site types. On day 121st, the AI-P gradually decreased and
was similar in all four site types, ranging from 137.18 ± 8.39
to 166.76 ± 29.35%. Similar to the variation of AI-P, the AI-S
in residual plant litter also decreased before day 56th, and then
increased on days 91st and 121st. The AI-S in the spring burnt
and unburnt sites was approximately 120% on day 56th and
significantly higher than those in the autumn burnt and unburnt
sites, which were around 73%.

Mass ratio of typical elements in
residual litters

The mass ratios of C/N, C/P, C/S, and N/P were selected as
typical element ratios in this study (Figure 4), and the effects of
sampling time and site type on these ratios were significant, with
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FIGURE 2

Mass loss (A) and the AI-C (B) in residual plant litters in autumn burnt (AB), autumn unburnt (AUB), spring burnt (SB), and spring unburnt (SUB)
sites. Different lowercase letters (a-d) indicate significant differences (Tukey-HSD test) among sampling times and different uppercase letters
(A-B) indicate significant differences (Tukey-HSD test) between site types.

TABLE 1 Two-way analysis of variance (ANOVA) of mass loss, AI of selected elements, and elements mass ratio.

Time Types Types × time

F P F P F P

Mass loss 53.432 0.000 8.974 0.000 1.074 0.395

AI-C 31.472 0.000 3.585 0.019 0.835 0.587

AI-N 1.665 0.184 10.730 0.000 1.684 0.113

AI-P 107.339 0.000 17.960 0.000 8.814 0.000

AI-S 21.209 0.000 5.147 0.003 4.837 0.000

C/N ratio 0.534 0.661 5.636 0.002 1.234 0.292

C/P ratio 125.420 0.000 9.519 0.000 2.917 0.006

C/S ratio 43.409 0.000 5.790 0.002 8.910 0.000

N/P ratio 90.594 0.000 3.022 0.037 1.943 0.063

Sampling time and types of burnt sites were regarded as two factors for the two-way ANOVA.

FIGURE 3

The AI-N (A), AI-P (B), and AI-S (C) in residual plant litters in autumn burnt (AB), autumn unburnt (AUB), spring burnt (SB), and spring unburnt
(SUB) sites. Different lowercase letters (a-c) indicate significant differences (Tukey-HSD test) among sampling times and different uppercase
letters (A-B) indicate significant differences (Tukey-HSD test) between site types.

the exception of the C/N ratio. Only site type had a significant
effect on the C/N ratio, and there was no significant effect
of sampling time on C/N ratios. The C/N ratio ranged from

103.6± 14.8 to 156.1± 7.0%. Both the highest and lowest values
occurred on day 91st at the autumn burnt site and autumn
unburnt site, respectively. There was no obvious change in the
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C/N ratio during the 121-day decomposition, and the C/N ratio
fluctuated overall. Unlike the C/N ratio, the C/P ratio in all four
site types decreased significantly from day 56th to day 91st. The
C/P ratios on day 91st and 121st were approximately 1,000 and
significantly lower than those on day 26th and 56th, which were
approximately 3,000. Similar to the C/P ratios, the N/P ratio
decreased from approximately 20 on day 56th to ca. 9 on day
121st. After 121 days of decomposition, the N/P ratios in all
four site types were similar and ranged between 9.56± 1.33 and
10.00 ± 1.95. The range of the C/S ratio during the 121-day
decomposition was between 472.3 ± 92.1 and 1,215.9 ± 50.6,
which was slightly weaker than the changes in the C/P and N/P
ratios. The C/S ratio decreased in autumn burnt and unburnt
sites before day 91st, and then increased on day 121st. In the
spring burnt and unburnt sites, the C/S ratio increased from day
26th to day 56th, and then decreased on day 91st. The lowest C/S
ratio in the spring unburnt and burnt sites appeared on day 91st,
and increased by a little on day 121st.

Discussion

Seasonal burning promotes biomass
loss in plant litter

Comparing the mass loss rates in autumn burnt and unburnt
sites, the mass loss rates in autumn burnt sites were higher than
those in unburnt sites. However, the mass loss rates in the spring
burnt sites were lower than those in the unburnt sites (Figure 2).
These results showed that autumn burning increased plant
litter decomposition rates and that spring burning decreased
plant litter decomposition rates. Plant litter decomposition
rates are mainly influenced by microbial activities, which
are controlled by surrounding environmental factors (e.g.,
temperature, water table, available nutrients, aboveground plant
community, and pH) (Ward et al., 2015; Wang et al., 2019;
Yu et al., 2020). Burning also acts as an important factor that
not only promotes the release of nutrients from the residual
plant to the environment and increases nutrient availability, but
can also promote microbial activities (Medvedeff et al., 2015;
Wang et al., 2015; Singh et al., 2017). In our experimental
sites, there was more DOC and MBC in burnt sites than in
unburnt sites during the entire growing season from May to
September (Zhao et al., 2012). The greater nutrient availability
and greater activity of microbial metabolism in the surface
soils not only promoted more soil carbon decomposition and
aboveground plant growth, but also caused the decomposition
rates of plant litter in autumn burnt sites to be higher than
those in autumn unburnt sites. However, because the microbial
activities in burnt sites decreased after burning and required
several months for recovery (Medvedeff et al., 2013), the short
time interval between burning and plant litter decomposition
in spring burnt sites may lead to microbial activities not

recovering. The weak activity of microbial metabolism in spring
burnt sites was speculated to be the major reason why the plant
litter decomposition rates in spring burnt sites were lower than
those in the spring unburnt sites.

In addition to the direct effects of burning on microbial
activity, the effects of burning on plant growth and soil moisture
may also influence the decomposition rates of plant litter. Our
previous study found that stem density in spring burnt sites was
markedly higher than that in autumn burnt sites and unburnt
sites, and the aboveground biomass and biomass per plant in
autumn burnt sites were higher than those in spring burnt and
unburnt sites (Gao et al., 2021). The temperature of surface
soils is mainly influenced by micro-geomorphology and surface
plants (Song et al., 2013; Goncharova et al., 2019). Because
the decomposition process of plant litter mainly occurs during
the growing season in the Sanjiang Plain, surface plants also
directly influence the temperature of surface soils. The high
density of aboveground vegetation communities in spring burnt
sites decreases the solar radiation and surface soil temperature
during the daytime, which is speculated to be another factor that
decreases the decomposition rates of plant litter. The increase
in aboveground plants also increases the underground biomass,
which is the major oxygen source in rhizospheric soil under
the water table and may increase the oxygen concentrations
in the water and surface soil layers (Reddy and DeLaune,
2008). The higher aboveground biomass in autumn-burnt sites
results in increased oxygen availability under the water table for
microbial metabolism and accelerates the decomposition rates
of plant litter. Except for the increase in aboveground biomass,
burning also decreases the water-retention capacity of surface
soils (Thompson and Waddington, 2013). This leads to lower
soil moisture in the burnt sites, and higher available oxygen
than that in the unburnt sites. Thus, burning not only alters the
microbial activities directly, but also changes the aboveground
plant growth and water retention capacity, which causes serious
effects on the decomposition rates of plant litter indirectly. The
enhanced microbial activities and high aboveground biomass
resulted in greater oxygen availability in rhizospheric soil, which
were speculated to be two major factors that increased the
decomposition rates of plant litter in autumn-burnt sites.

Carbon is the most important element in residual plant litter,
which contains a carbon content higher than 40%. The mass
loss of plant litter leads to carbon release to the surrounding
environment. The AI-C in residual plant litter decreased
gradually with an increase in mass loss rates during the 121-day
decomposition experiment, which was similar to the results of
previous studies (Brennan et al., 2009; Gorecki et al., 2021). Due
to the high mass loss of plant litter in autumn burnt sites, the
AI-C in autumn burnt sites was also lower than that in autumn
unburnt sites. Conversely trends were observed in the spring
burnt/unburnt sites. Our results showed that autumn burning
promoted the release of more carbon from residual plant litter
to the surrounding environment. Additionally, autumn burning
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FIGURE 4

The mass ratio of C/N (A), C/P (B), N/P (C), and C/S (D) in residual plant litters in autumn burnt (AB), autumn unburnt (AUB), spring burnt (SB),
and spring unburnt (SUB) sites. Different lowercase letters (a-d) indicate significant differences (Tukey-HSD test) among sampling times and
different uppercase letters (A-C) indicate significant differences (Tukey-HSD test) between site types.

also promotes the aboveground biomass and the mineralization
rates of surface soils (Zhao et al., 2012; Gao et al., 2021). Thus,
autumn burning increased all links of carbon cycling in the
wetlands and accelerated carbon turnover rates. However, the
effects of spring burning on carbon turnover in seasonally frozen
wetlands were more complex than those of autumn burning, and
it not only decreased the carbon loss rates in residual plant litter,
but also caused no significant increase in aboveground biomass
compared to unburnt sites (Gao et al., 2021). The potential
reasons for this were similar to the reasons for the limitation
of mass loss in the spring burnt sites, as previously discussed,
and unrecovered microbial activities in the spring unburnt sites
were speculated to be the major reason. Thus, similar to the
results and potential reasons of mass loss in different sites, the
autumn burnt sites were more beneficial for microbial activities
and accelerated the release of carbon from plant litter to the
surrounding environment.

Dynamic of nutrient elements in
residual plant litters

The dynamic changes in the selected nutrient elements in
the residual plant litter are shown in Figure 3. Unlike the

changes in AI-C, the AI of nutrient elements gradually increased
with increasing decomposition time, and the highest AI of
nutrient elements (i.e., AI-P) was higher than 300%, which
means that the nutrient elements accumulated in the plant litter
during the 121-day decomposition. Nutrients were also released
to the surrounding environment during the mass loss of plant
litter, which is similar to that seen for carbon loss in plant
litter. In contrast, microbes can absorb nutrient elements from
the surrounding environment (e.g., water and soils) for their
metabolism and accumulate nutrient elements in the plant litter
(Cui et al., 2021; Wang et al., 2022). More nutrients absorbed
than nutrient loss in microbes accompany the decomposition
of plant litter, which causes the AI of all selected nutrient
elements (i.e., N, P, and S) to increase gradually during the
121-day decomposition period (Figure 3). Compared to that
of unburnt sites, the AI of nutrient elements in residual plant
litters in autumn burnt sites were lower than those in autumn
unburnt sites. The AI of nutrient elements in residual plant
litter in the spring burnt sites was higher than that in the
spring unburnt sites. The AI of nutrients is not only controlled
by microbial activity but is also influenced by the amount of
available nutrients in the surrounding environment (Aerts and
de Caluwe, 1997; Song et al., 2021). High mass loss rates of plant
litter in autumn burnt sites and spring unburnt sites were also
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found, indicating that the activity of microbial metabolism in
these two site types was higher than that in other sites (Figure 2).
The nutrients in the decomposed part of plant litter are more
easily released into the surrounding environment, which was
speculated to be the reason for the slightly lower AI of nutrients
in high mass loss rates of plant litter than that in low mass loss
rates of plant litter.

There are also several differences in the changing trends
of the AI for different nutrient elements. For example, AI-N
increased gradually before day 91st, and the average values of
AI-N during this period were higher than 100%, which means
that the N accumulation rates were higher than the loss rates at
the beginning of decomposition. The AI-P decreased gradually,
and the average values were lower than 100% before day 56th,
which means that P was released from the plant litter to the
surrounding environment before this day. Although N and P
are both important nutrients for microbial metabolism, there
are marked differences in biogeochemical cycling in natural
ecosystems, especially in anaerobic environments. For example,
microbes can fix N from the atmosphere and convert organic
N to inorganic N in both aerobic and anaerobic environments
(Reddy and DeLaune, 2008). The natural sources of inorganic
P are mainly dust and rock weathering, and organic P from the
decomposition of plant litter and organic matter. The transfer
of organic to inorganic P through microbial metabolism occurs
only in aerobic layers (Reddy and DeLaune, 2008). Differences
in the biogeochemical processes of N and P lead to differences
in the availability of microbial activities (Zhao et al., 2022).
In particular, for plant litter decomposition experiment in the
present study, which are located under the water table, the
flooding environment causes difficulty in the conversion of
organic P in surface soils to inorganic P; microbes cannot absorb
organic P directly. Thus, the AI-P in the residual plant litter
before day 56th was lower than 100%, and the P in the plant litter
released to the surrounding environment was accompanied by
mass loss. However, because microbes absorb N in an anaerobic
environment more easily than P, the AI-N in the residual litter
at the beginning of decomposition was higher than 100%. With
increasing decomposition time, the mass loss rate gradually
decreased, and the microbes adapted to the environment and
gradually absorbed P from the surrounding environment. The
AI-P markedly increased on days 91st and 121st, and the
increasing trend was more obvious than that for AI-N. Previous
studies also found that plant litter could accumulate P, and the
AI-P was higher than 800% (Qualls and Richardson, 2000). The
potential reason for this result was speculated to be that the N
in plant litter may be released into the atmosphere as N2 or
N2O through the denitrification process, and the mobility of
N is markedly higher than that of P (e Silva et al., 2007; Rubol
et al., 2012). The loss of N in residual plant litter was easier
than the loss of P, and there was no marked increase in N with
increasing decomposition time. The biogeochemical cycling of
S in an anaerobic environment was similar to that of P, and

the transfer of organic S to inorganic S only occurred in the
aerobic environment (Reddy and DeLaune, 2008). The AI-S in
the residual plant litter before day 56th was lower than 100%
in total, which means that the S released from plant litter to
the surrounding environment was accompanied by mass loss.
S may also be emitted to the atmosphere through H2S under
the anaerobic environment, which is similar to the loss process
of N. Thus, the biogeochemical character of S led to a marked
increase in the AI-S in residual plant litter after day 56th, and
the increasing trend was weaker than that of AI-P.

Shortly, the P and S were mainly released from plant litter
to the surrounding environment before day 56th, and then
accumulated in plant litter through the microbes absorbed from
the surrounding environment. Because S could be released into
the atmosphere through H2S under anaerobic conditions, the
increasing trend of AI-P in the residual plant litter was more
marked than that of AI-S. Compared to P and S, N was more
easily utilized by microbes in anaerobic environments, and more
N accumulated in the residual plant litter during the 121-day
decomposition time in the present study.

Direct effect of burning on element
ratios in residual litters

The element ratios are widely used to evaluate the
decomposition and nutrient changes of residual plant litter, and
we selected C/N, C/P, N/P, and C/S to reflect the decomposition
degree, nutrient limit, and acid stress, respectively (Güsewell
and Verhoeven, 2006; Wang et al., 2019). The C/N ratio is a
good indicator of the degree of decomposition because it reflects
the ratio of carbohydrate to protein, and N is more stable than
C during litter decomposition (Broder et al., 2012; Sun et al.,
2012). As the C/N ratio decreased, the residual carbon decreased
and the decomposition degree of plant litter increased. In the
present study, the C/N ratio in the burnt sites was higher than
that in the unburnt sites. The C/N ratio in the autumn burnt
sites was higher than that in the spring burnt sites before day
91st, and then lower than that in the spring burnt sites on
day 121st (Figure 4). Considering the variation trend of AI-
N and AI-C, changes in the C/N ratio were mainly influenced
by the accumulation of N, especially for the autumn burnt
sites. The low N accumulation rates of residual plant litter in
autumn-burnt sites was the major reason why the C/N ratio was
higher than that in unburnt sites. Because N also accumulates
through microbial activity at the initial stage of plant litter
decomposition, the C/N ratio may not be a good indicator of
carbon loss in plant litter.

In addition to the C/N ratio, the C/P ratio can be used
to reflect the P available during the plant litter decomposition
process. The C/P ratio of plant litter before day 56th was
markedly higher than that after day 91st, and the C/P ratio
of plant litter in the autumn burnt sites was markedly higher
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than that in the autumn unburnt sites—especially on days 56th
and 91st. Due to the small amount of P absorbed by microbes
in the initial stage, the P in the plant litter was released to
the surrounding environment, accompanied by mass loss. The
low P content in the residual plant litter caused the C/P ratios
to be higher than 3,000. Similar results were also found in
a previous study in which litter decomposition was strongly
limited by a high C/P ratio in the initial stage (Aerts and
de Caluwe, 1997). After day 56th, the increase in AI-P in
residual plant litter indicated the accumulation of P from the
surrounding environment and a significant decrease in the C/P
ratio. Compared to unburnt sites, autumn burning significantly
increased the C/P ratio, which also indicated that the degree
of P loss in the initial stage of litter decomposition was higher
than that in unburnt sites. The potential reason for this is that
microbial metabolism in autumn-burnt sites was more active
than that in unburnt sites, and more C and P loss occur during
decomposition. Compared to the loss of C, the loss of P in
autumn burnt sites was more serious than that in unburnt sites,
and thus increased the C/P ratios in total.

In addition to the amount of N and P, the N/P ratio is
also important for the decomposition of plant litter. The critical
N/P ratio (threshold between N and P limitation) was 25 for
graminoid leaf litter (Güsewell and Verhoeven, 2006). In the
present study, the N/P ratio was lower than 20, which indicates
that the decomposition environment is the N limitation of litter
decomposition, and bacteria were most abundant on cellulose
(Güsewell and Gessner, 2009). Before day 56th, the N/P ratios
ranged between 16.21 ± 2.33 and 23.32 ± 5.06, and the N/P
ratios in unburnt sites were higher than those in autumn burnt
sites, while they were lower than those in spring burnt sites. As
the decomposition time increased, more P accumulated in the
plant litter, and the N/P ratio decreased significantly and was
lower than 10 (Figure 4D). The present results show that the
plant litter decomposition process in the studied C. angustifolia
litter was N limitation, and spring burning increased the N/P
ratio and slightly decreased the N limitation effects on litter
decomposition. Although P was lost at the initial stage of plant
litter decomposition, the N/P ratio was still lower than 25,
indicating that the residual P in plant litter was sufficient for
microbial metabolism. As the AI-P increased significantly on
day 91st, the N/P ratio significantly decreased, which means
that the N limitation environment for litter decomposition was
clearer and the changes in N content in residual plant litter
were the major factors that influenced the decomposition rates
of plant litter.

The release of S from plant litter to the surrounding
environment may decrease the pH of the water environment
and cause S stress on microbial activities for plant litter
decomposition (Wang et al., 2019). As the decomposition time
increased, the C/S ratio decreased, indicating that the loss rates
of S were lower than the C loss rates. More S accumulated
in plant litter and the marked decrease in the C/S ratio

indicated that S stress on microbial metabolism increased and
may become a stress factor that decreases the decomposition
rates of plant litter. After 121 days of decomposition, the C/S
ratios in plant litter in autumn burnt sites were higher than
those in autumn unburnt sites; opposite trends were found in
spring burnt sites. Autumn burning increased the C/S ratio in
residual plant litter, which decreased the S stress for plant litter
decomposition, and spring burning increased the S stress for
plant litter decomposition. The difference of S stress may also
explain why more plant litter was decomposed in autumn burnt
sites than those in autumn unburnt sites.

The overall trends of selected element ratios in residual
plant litter in burnt and unburnt sites were similar, and the
ratio of C/P and C/S decreased significantly on day 91st. The
N/P ratio during the entire decomposition process was lower
than 25, indicating that the decomposition environment was
limited by N. The accumulation of P after day 91st increased
the importance of the N content in plant litter decomposition.
Similar to the previous discussion, the nutrient element
ratios also showed that autumn burning promoted a nutrient
environment more suitable for plant litter decomposition, while
spring burning slightly decreased the nutrient availability for
plant litter decomposition.

Conclusion

Based on a 121-day plant litter decomposition experiment
in burnt and unburnt sites during the growing season, our
results showed that the decomposition rates of plant litter in
burnt and unburnt sites were markedly different, and that
the burning season acts as a major factor that influences
the decomposition process of residual plant litter. As the
decomposition time increased, the carbon released to the
surrounding environment was accompanied by mass loss, and
nutrient elements accumulated in the residual plant litter.
Autumn burning promoted carbon and mass loss from plant
litter, whereas the mass loss rates of plant litter in spring burnt
sites were lower than those in spring unburnt sites. P and S
were released from plant litter to the surrounding environment
before day 56th, and then accumulated more markedly in the
plant litter. Unlike P and S, N accumulated in the residual plant
litter during the 121-day decomposition period. The N/P ratio
of plant litter in the spring burnt sites was significantly higher
than that in other site types, and significantly decreased from
ca. 20 on day 56th to ca. 9 on day 121st. A low N/P ratio
indicates that N is the limiting nutrient element for plant litter
decomposition in C. angustifolia wetlands, and the limitation of
N became more serious as the decomposition time increased.
Our results also suggest that the autumn burning accelerate the
plant litter decomposed and nutrient elements accumulated in
the residual plant litter, which may more benefit of elements
cycling in C. angustifolia wetlands than the spring burning.
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Atmospheric deposition of nitrogen (N) and phosphorus (P) far exceeding

the pre-industrial levels have the potential to change carbon (C) dynamics

in northern peatlands. However, the responses of soil C concentration

and organo-chemical composition to different rates and durations of

nutrient enrichment are still unclear. Here, we compared the short-

(3 years) and long-term (10 years) effects of N and P fertilizations on the

physicochemical properties of peat and porewater in a bog-fen complex

in northern China. Our results showed that the short-term fertilization

increased Sphagnum moss cover, while the expansion of vascular plants

was observed owing to the long-term fertilization. The preserved soil C

did not vary considerably after the short- and long-term fertilizations. The

harsh soil conditions may impede the decomposition of organic matters

by soil microorganisms during the short-term fertilization. For the long-

term fertilization, the input of high-phenolic litters owing to vascular

plant expansion likely exerted an important control on soil C dynamics.

These processes constrained the variation in soil C concentrations when

the addition rate and cumulative amount of external N and P increased,

which will advance our understanding and prediction of the resilience

of soil C storage to imbalanced nutrient enrichment of N and P in

northern peatlands.
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Introduction

Peatlands are important carbon (C) sinks which store 500–
700 Gt of soil organic C, but only comprise about 3% of the
land surface (Gorham, 1991; Yu et al., 2010). These massive C
sequestrations result from the imbalance between production
and decomposition under waterlogged, acid and nutrient-
deficient conditions (Schothorst, 1977; Rydin and Jeglum, 2013).
Nutrient deposition may have unforeseen effects on global
peatlands, for example increase soil C release, leading to a
catastrophic impact on future climate (Dash et al., 2020; Wang
et al., 2021). Unfortunately, significant increase in atmospheric
deposition of reactive nitrogen (N) and phosphorus (P) have
been observed due to fertilization, mining, and fossil fuel
combustion in recent decades (Rice and Herman, 2012; Tipping
et al., 2014; Ackerman et al., 2019). Furthermore, considering
the possibly faster increase of N input than P input, the
imbalance of N and P enrichment was expected to deteriorate
(Peñuelas et al., 2013), which may change plant community
composition and present a substantial threat to soil C stock
(Moore et al., 2019; Schlesinger and Bernhardt, 2020).

Numerous nutrient manipulation experiments have been
established in global peatlands to gain insight into the effects
of nutrient enrichment on soil C decomposition, but these
studies usually produced different or even contrasting results
(e.g., Bubier et al., 2007; Li et al., 2019; Moore et al., 2019).
These discrepancies might result from various biotic controls
associated with shift in plant community compositions on soil
C mineralization. For example, long-term fertilization might
stimulate vascular plant growth at the expense of moss (Moore
et al., 2019; Schlesinger and Bernhardt, 2020), and this change
may have complex effects on preserved soil C.

As for the negative effect, the expansion of vascular
plants, especially by the extended root network, would raise
peat surface, and further contribute to the hummock-hollow
microtopography to ameliorate waterlogged stress (Moore et al.,
2002; Schlesinger and Bernhardt, 2020). Subsequently, this may
further enhance ecosystem respiration and change nutrient
storage and enzyme activity (Larmola et al., 2013; Li et al.,
2020). This vascular plant-mediated effect could be reflected not
only in peat quality, but also in porewater chemistry (Moore
et al., 2019). For example, the concentrations of dissolved
N and P in porewater were positively related to proteins or
protein precursors exuded by plant roots and microorganisms
but negatively related to the “capacity of the ‘filter”’ function
of Sphagnum moss (Limpens et al., 2004; Chiwa et al., 2016;
Moore et al., 2019).

As for the positive effect, a series of cascading effects caused
by increased vascular plant growth might retard organic matter
decomposition and obscure microbial response to nutrient
inputs (Li et al., 2019; Fenner and Freeman, 2020; Wang et al.,
2021). Microbial decomposers might be much less responsive
to the enrichment of external nutrients in shrub-dominated

peatlands (e.g., Wang et al., 2015; Fenner and Freeman,
2020), because the improved litter quality and increased tannin
production, associated with shift in the dominance of vascular
plants, could effectively bind protein and inhibit enzyme
activity by oxidative degradation and biotoxicity (Freeman
et al., 2001; Wang et al., 2015). This was supported by a
long-term decomposition experiment conducted by Fenner
and Freeman (2020), in which the water-soluble phenolics
leached from wood trunks inhibited both the extracellular and
intracellular metabolism and lowered nutrient mobilization.
Besides, vascular plants could strongly compete with soil
microorganisms for available nutrients through extended root
and releasing allelopathic compounds (van Breemen, 1995;
Schlesinger and Bernhardt, 2020). In both cases, because the
activities of microbial decomposers were inhibited by protein-
binding phenolic compounds from the litters of vascular plants,
the expansion of vascular plants may eventually counteract the
negative effects of nutrient enrichment on soil C stock (Freeman
et al., 2001; Wang et al., 2015; Fenner and Freeman, 2020). The
above-mentioned confounding effects make it difficult for the
results of current studies to reach a consensus (Rousk et al.,
2013; Wang et al., 2015). Therefore, the interactive effect of
N and P enrichment on soil C decomposition is still under-
investigated, especially in northern peatlands where to the
shift in plant community composition occurs under cumulative
nutrient fertilization.

The absorption bands of Fourier transform infrared (FTIR)
spectroscopy can indicate the composition of major peat
chemical moieties, such as polysaccharides, lignin, phenolics,
and carboxylates (Biester et al., 2014; Moore et al., 2019;
Drollinger et al., 2020). With regard to the peak intensity ratios,
the relative contributions of refractory organic compounds
increased compared to labile polysaccharides can be identified
as an increase in the degree of organic matter decomposition,
considering that the liberated monomers from carbohydrates
are easily assimilated by microorganisms or oxidized to generate
metabolic energy (Niemeyer et al., 1992; Cocozza et al., 2003;
Broder et al., 2012). In this study, we evaluated whether
and how the interrelated chemical properties of peat and
porewater and plant community composition were changed by
N and P enrichment that ultimately affected C storage under
short- (3 years) and long-term fertilization (10 years) at Hani
peatland, northeastern China. Specifically, we quantified the
total concentrations of C, N, P, and metals in peat, and the
concentrations of dissolved C, N, and P in porewater, as well as
four humification indices of surface peat via FTIR spectroscopic
analysis. We intended to test the following two hypotheses:
(1) in Sphagnum moss-dominated plots, the strong changes in
chemical moieties in peat and/or porewater due to short-term
fertilization could threaten the reservoir of soil organic C and
(2) the increased phenolics input due to the loss of Sphagnum
and the expansion of vascular plants would protect soil C stock
during long-term N and P additions.
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Materials and methods

Study site and fertilization experiments

This study was conducted at Hani peatland (42◦13′N,
126◦31′E) in Changbai Mountains, northeastern China. Hani
peatland is a bog-fen complex with a mean annual precipitation
of 757–930 mm and a mean annual temperature of 2.5–3.6◦C
(Bu et al., 2011). The average peat depth in the area is 4 m
with a maximum depth of 9.6 m (Qiao, 1993; Bu et al.,
2011). The short- (since 2018) and long-term (since 2007) N
and P fertilization experiments were both established on large
hummocks in the open bog region of Hani peatland. A factorial
design was used with three levels of N addition (0, 5, and 10 g
N m−2 year−1; i.e., 0N, 5N, 10N) and in combination with P
addition (0, 0.5, and 10 g P m−2 year−1; i.e., 0P, 0.5P, 1P). There
were four replicates for each treatment combination, and the
size of fertilized plot was 1.2 m × 1.2 m for the short-term
experiment and 0.8 m × 0.8 m for the long-term experiment.
In total, there were 72 plots (9 treatment combinations × 4
replicates × 2 fertilization experiments). Nitrogen and P
was applied as ammonium nitrate (NH4NO3) and sodium
dihydrogen phosphate (NaH2PO4·2H2O), respectively, and the
control plots were supplied with deionized water. The dominant
shrubs are Betyla ovalifolia Rupr., Rhododendron parvifolium
Adams, and Potentilla fruticose Linn., and the dominant
herbaceous plants are Carex lasiocarpa Ehrh., Eriophorum
polystachion L., and Smilacina japonica A. Gray. The underlying
moss layer is dominated by Sphagnum palustre Linn. and
Polytrichum commune Linn. ex Hedw.

Vegetation measurements

We used point intercept method to determine the
abundances of Sphagnum moss and vascular plants in the
fertilized plots (Larmola et al., 2013). Briefly, a customized stain-
steel frame (60 cm × 60 cm) with 61 grid points was used
for the measurement. The number of times (i.e., “hits”) were
recorded when the leaves of vascular plants at different height
or Sphagnum capitula on the ground contacted a carbon fiber
rod (2 mm in diameter) over the grid points. Sphagnum moss
abundance (i.e., cover) was calculated by the total number of hits
divided by 61. Vascular plant abundance (not identical to plant
cover) was approximated by the total number of hits per unit
area (i.e., hits m−2).

Physicochemical properties of peat
and porewater

Peat samples (20 g of fresh peat) at 0–5 cm from the long-
term and short-term fertilized plots were collected in August
2017 and 2020, respectively. Living mosses were removed and

the remaining peat samples were stored at 4◦C prior to analyses
within seven days. A subset of fresh peat samples was dried
at 65◦C and ground with a ball mill (MM400, Retsch GmbH,
Haan, Germany). Total carbon (TC) and total nitrogen (TN)
concentrations were measured on an elemental analyzer (vario
MACRO cube, elementar, Germany). The remaining samples
of the ground peat were digested in concentrated sulfuric
acid and hydrogen peroxide with selenium and lithium sulfate
as catalysts (Parkinson and Allen, 2008). Total phosphorus
(TP) concentration of samples from the long-term fertilized
plots was determined colorimetrically using the ammonium
molybdate-ascorbic acid method (Murphy and Riley, 1962) on
a continuous flow analyzer (San + +, Skalar Analytical B.V.,
Breda, Netherlands). Total P concentration of samples from
the short-term fertilized plots was determined by the malachite
green method against calibration standard (Ohno and Zibilske,
1991) on a full-wavelength microplate reader (Multiskan GO,
Thermo Fisher, Finland). Potassium (K), calcium (Ca), and
magnesium (Mg) concentrations were measured on an atomic
absorption spectrophotometer (AA-7003A, EWAI company,
China), with the calibration standards of potassium chloride,
calcium carbonate, and magnesium sheet, respectively. The data
of TC, TN, and TP concentrations in the long-term fertilized
plots were derived from our previous study (Li et al., 2019).

In August 2020, we collected porewater samples
(∼30 mL) from the short- and long-term fertilized plots
with MacroRhizons tubes (Rhizosphere Research Products
B.V., Wageningen, Netherlands). Concentration of dissolved
organic carbon (DOC) was measured on a TOC analyzer
(TOC-L, SHIMADZU, Japan). The concentrations of NH4

+-N,
NO3

−-N, and PO4
3− [i.e., dissolved inorganic phosphorus

(DIP)] in porewater were measured on a continuous flow
analyzer (San+ +, Skalar Analytical B.V., Breda, Netherlands).
The concentration of dissolved inorganic nitrogen (DIN) was
calculated as the sum of NH4

+-N and NO3
−-N concentrations.

The remaining porewater samples were then digested with
potassium persulfate at 120◦C for 1 h to quantify the total
dissolved N and P concentrations (TDN and TDP). The
concentration of dissolved organic nitrogen (DON) was
calculated as the difference between the concentrations of TDN
and DIN. Similarly, the concentration of dissolved organic
phosphorus (DOP) was calculated as the difference between the
concentrations of TDP and DIP.

Organic chemistry analysis

The organo-chemical composition of dried peat samples
was measured on a FTIR spectrometer (Vetex70, BRUKER,
Germany) with absorption mode. Specifically, 2 mg of ground
and oven-dried peat sample was mixed with 200 mg of
potassium bromide, and then pressed to translucent pellets.
The range of the wavenumber was 4,000 to 400 cm−1 with a
resolution of 2 cm−1 and 16 scans per sample were collected.
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The background of potassium bromide was removed from
the spectra, and then atmospheric compensation and baseline
correction was performed (see section “statistical analyses”). To
determine the degree of humification of peat samples, spectra
peaks around the following wavenumbers were recorded:
1,090 cm−1 (polysaccharide), 1,420 cm−1 (carboxylates and
humic acids), 1,510 cm−1 (lignin and phenolics), 1,630 cm−1

(mainly aromatics), and 1,720 cm−1 (carboxylates–acids)
(Niemeyer et al., 1992; Moore et al., 2019; Drollinger et al.,
2020). Humification indices were calculated as the ratios of
the absorption at corresponding wavenumbers, i.e., 1,420/1,090,
1,510/1,090, 1,630/1,090, and 1,720/1,090 (Niemeyer et al., 1992;
Cocozza et al., 2003; Broder et al., 2012). The decreases in these
humification indices were considered to reflect the enhanced
degree of organic matter decomposition (Niemeyer et al., 1992;
Broder et al., 2012).

Statistical analyses

Statistical analyses were performed using R 4.0.4 (R
Core Team, 2021). Data normality and the homogeneity of
variance were examined with Shapiro–Wilk tests and Levene’s
tests, respectively. Two-way ANOVAs were used to test
the fertilization effect on plant abundance, physicochemical
properties, and humification indices using the addition rates
of N, P, and their combination as fixed factors for the short-
and long-term fertilization experiments separately. Post hoc
multiple comparisons were conducted using Tukey’s test at the
significance level of P < 0.05. Two-sample t-test was used
to compare the results of plant abundance, physicochemical
properties, and humification indices between the short- and
long-term fertilization under the same N or P addition rate.
The ir (Teickner, 2022) and irpeat (Teickner and Hodgkins,
2022) packages in R were used to process the spectra
of FTIR, including baseline correction, normalization, and
calculation of humification indices. Spearman’s correlation
analysis was conducted to detect the relationships between plant
species abundance and physicochemical properties of peat and
porewater. Hierarchical partitioning was employed to assess
the contribution of physicochemical properties of peat and
porewater on organic matter decomposition as indicated by
four humification indices using the rdacca.hp package in R
(Lai et al., 2022).

Result

Peat and porewater chemistry

We did not observe any significant change in TC
concentration in peat under neither fertilization experiment
(Table 1). For the short-term fertilization, without significant
N by P interaction, N and P additions significantly increased

TN and TP concentrations, respectively. However, for the
long-term fertilization, the effect of N and P interaction on
nutrient concentrations was significant. Specifically, under the
same rate of P addition, N addition increased TN (P < 0.001)
and TP concentrations (P = 0.034); under the same rate of
N addition, P addition increased TP concentration (Table 1).
In combination with the highest rate of N addition (i.e.,
10 g N m−2 year−1), P addition ultimately increased TN
concentration by 54% (P < 0.001). Short-term fertilization
had little effect on K, Ca, and Mg concentrations, while
long-term N addition significantly decreased K concentration
(P < 0.001; Table 1). Compared to the short-term fertilization,
long-term N and/or P additions significantly decreased Ca and
Mg concentrations.

As for porewater chemistry, the concentrations of dissolved
nutrients only showed weak responses to N and/or P
additions in both experiments (Table 2). Specifically, the
short- or long-term fertilization did not show significant
effect on DOC concentration (Table 2). Nitrogen addition
significantly increased the concentrations of NH4

+-N (short-
term, P = 0.017; long-term, P < 0.001) and DON (short-term,
P= 0.045; long-term, P= 0.038;Table 2). In particular, the long-
term N addition significantly increased DON concentration
compared to the short-term fertilization. We did not observe
significant change in dissolved P concentrations (i.e., DIP and
DOP) in neither experiment (Table 2).

Variation in plant abundance

For the short-term fertilization, the abundance of Sphagnum
moss was increased by 25–70% compared to the control (i.e.,
0N0P treatment; Figure 1A). The total abundance of vascular
plants was substantially reduced by N-only addition and the
combination of N and P additions (Figure 1B). Strong and
positive correlation between Sphagnum moss abundance and
TP concentration was observed after short-term fertilization
(Spearman’s ρ= 0.55, P < 0.001; Figure 2A). For the long-term
fertilization, the abundance of Sphagnum moss was decreased by
21–55%, while the abundance of vascular plants was increased
by 0.4–28% (Figures 1C, D). Results of Spearman’s correlation
analysis indicated that the abundance of vascular plants was
significantly and negatively correlated with Sphagnum moss
abundance (ρ = −0.39, P = 0.013), and significantly and
positively correlated with TP concentration under the long-term
fertilization (ρ= 0.48, P = 0.014; Figure 2C).

Humification indices and the
contributions of physicochemical
properties

The additions of N and P did not remarkably increase
the degree decomposition of organic matter as indicated
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TABLE 1 Peat chemical properties under different treatments in the short- and long-term fertilizations.

Treatment TC (mg g−1) TN (mg g−1) TP (mg g−1) K (mg g−1) Ca (mg g−1) Mg (mg g−1)

Short-term fertilization

0N0P 424.7± 2.8 8.9± 0.5a 1.8± 0.1A 2.0± 0.1* 4.6± 0.2* 1.3± 0.3

5N0P 416.6± 4.8 11.2± 0.4b 1.9± 0.2A 2.0± 0.1 4.3± 0.2* 0.9± 0.1*

10N0P 422.0± 2.9* 12.7± 0.8c* 2.3± 0.2A 1.5± 0.1* 4.0± 0.6* 0.9± 0.1*

0N0.5P 420.2± 5.1 8.8± 0.3a 2.8± 0.1B 2.1± 0.1* 5.5± 0.2* 0.9± 0.0*

0N1P 408.6± 0.8 8.9± 0.4a 4.1± 0.1C 1.8± 0.1* 4.8± 0.3* 0.8± 0.0*

5N0.5P 433.6± 3.1 11.6± 0.5b 2.9± 0.1B 1.9± 0.2 4.3± 0.3* 1.0± 0.1*

10N0.5P 416.1± 5.0 13.4± 0.5c 3.1± 0.1B 1.5± 0.3 5.3± 0.2* 0.9± 0.0*

5N1P 413.5± 6.6 11.7± 0.1b 4.1± 0.0C 1.9± 0.2 4.6± 0.1* 0.8± 0.0*

10N1P 418.6± 8.9 12.6± 0.5c* 3.9± 0.0C 2.1± 0.2 4.2± 0.1* 0.8± 0.0*

Long-term fertilization

0N0P 411.0± 3.8 9.8± 0.7aA 0.5± 0.1aA 4.4± 0.3b* 0.2± 0.0* 0.1± 0.0a

5N0P 423.7± 4.7 12.8± 0.8aA 0.5± 0.0aA 2.8± 0.2a 0.3± 0.2* 0.2± 0.1ab*

10N0P 387.2± 4.3* 16.6± 0.4bB* 0.6± 0.0aA 3.4± 0.1a* 0.4± 0.1* 0.3± 0.0b*

0N0.5P 412.8± 9.9 10.0± 1.1aA 0.8± 0.1aB 6.0± 0.1b* 0.2± 0.0* 0.1± 0.0a*

0N1P 421.2± 10.2 10.0± 1.1aA 0.9± 0.0aB 4.5± 0.7b* 0.1± 0.1* 0.1± 0.0a*

5N0.5P 425.0± 5.3 11.8± 0.8aA 0.7± 0.1aB 3.3± 0.7a 0.3± 0.0* 0.2± 0.0ab*

10N0.5P 393.6± 14.9 12.9± 1.5bA 0.8± 0.1aB 3.5± 0.5a 0.3± 0.1* 0.3± 0.1b*

5N1P 414.9± 7.0 14.3± 0.9bA 1.1± 0.0abC 3.4± 0.5a 0.4± 0.2* 0.2± 0.0ab*

10N1P 431.3± 8.1 20.5± 0.8cC* 1.2± 0.0bC 3.2± 0.3a 0.5± 0.1* 0.2± 0.0b*

Different lowercase letters represent significant differences among N treatments under the same P addition rate. Different uppercase letters represent significant differences among P
treatments under the same N addition rate. Asterisks represent significant differences between the short- and long-term fertilization at the same N or P addition rate.

TABLE 2 Porewater chemical properties under different treatments in the short- and long-term fertilizations.

Treatment DOC
(mg C L−1)

NH4
+-N× 10

(mg N L−1)
NO3-N× 10
(mg N L−1)

DON
(mg N L−1)

DIP× 10
(mg P L−1)

DOP× 10
(mg P L−1)

Short-term fertilization

0N0P 51.9± 3.0 0.4± 0.1a 0.7± 0.1 0.3± 0.0a 0.6± 0.1 0.3± 0.2

5N0P 62.0± 4.8* 0.8± 0.7a 0.3± 0.7 0.4± 0.0ab* 0.6± 0.1 0.3± 0.1

10N0P 59.0± 4.4 2.0± 0.5b 0.5± 1.0 0.5± 0.2b* 0.7± 0.1 0.5± 0.2

0N0.5P 66.8± 3.4 0.7± 0.1a 0.4± 0.1 0.4± 0.0a* 0.7± 0.1 0.5± 0.1

0N1P 60.0± 7.6 0.6± 0.1a 0.2± 0.1 0.3± 0.0a* 0.6± 0.1 0.3± 0.1

5N0.5P 51.4± 5.6 0.9± 0.5a 0.2± 0.5 0.8± 0.0ab* 0.6± 0.1 0.3± 0.1

10N0.5P 54.7± 0.5 4.9± 2.0b 0.9± 1.1 0.3± 0.0b* 0.9± 0.1 0.2± 0.1

5N1P 54.8± 7.4 0.7± 0.1a 0.5± 0.1 0.4± 0.0ab* 0.9± 0.1 0.1± 0.2

10N1P 70.4± 0.1 2.7± 0.9b 0.4± 0.2 0.5± 0.0b* 0.7± 0.1 0.4± 0.1

Long-term fertilization

0N0P 70.6± 12.3 1.0± 1.0a 0.3± 0.3 0.5± 0.0a* 0.3± 0.1 0.3± 0.3

5N0P 75.8± 9.6* 6.5± 1.5b 0.7± 0.05 1.4± 0.2b* 0.3± 0.1 0.2± 0.2

10N0P 73.3± 28.7 6.4± 2.1b 0.9± 1.0 2.1± 0.5c* 0.3± 0.3 0.2± 0.4

0N0.5P 56.7± 4.9 1.2± 0.4a 0.7± 0.2 0.8± 0.0a* 0.3± 0.1 0.1± 0.3

0N1P 62.8± 4.0 0.9± 0.1a 0.1± 0.1 0.7± 0.0a* 0.4± 0.3 0.4± 0.3

5N0.5P 58.8± 12.1 5.7± 2.9b 0.3± 0.4 1.0± 0.4b* 0.4± 0.2 0.1± 0.1

10N0.5P 67.7± 3.8 5.9± 0.8b 0.7± 0.4 1.7± 0.3c* 0.4± 0.3 0.4± 0.5

5N1P 61.8± 10.6 8.8± 1.2b 1.0± 0.6 1.2± 0.1b* 0.5± 0.3 0.2± 0.3

10N1P 73.0± 9.5 5.8± 0.7b 1.1± 0.6 1.8± 0.3c* 0.6± 0.1 0.1± 0.1

Different lowercase letters represent significant differences among N treatments under the same P addition rate. Different uppercase letters represent significant differences among P
treatments under the same N addition rate. Asterisks represent significant differences between the short- and long-term fertilization under the same N or P addition rate.
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FIGURE 1

Abundance of Sphagnum moss (A,C) and vascular plants (B,D) in response to the short- and long-term fertilizations.

by the humification indices (Figure 3). For the short-
term fertilization, N and P additions weakly increased
the absorbances of refractory components of the organic
compounds (i.e., carboxylates and humic acids at 1,420 cm−1;
lignin and phenolics at 1,510 cm−1; aromatics at 1,630 cm−1;
carboxylates–acids at 1,720 cm−1) and labile polysaccharide
moieties (1,090 cm−1; Figure 3A). The humification indices did
not change significantly after N and/or P additions (Figures 3B–
E). For the long-term fertilization, N and/or P additions,
especially the combination of N and P additions, increased the
absorbances of refractory components of organic compounds
relative to the control (Figure 3F). Two of the humification
indices (i.e., 1,510/1,090 and 1,630/1,090) were significantly
increased in the long-term fertilized plots (Figures 3H,I).
Specifically, N addition increased the ratio of 1,510/1,090 under
the same rate of P addition, and this ratio also increased with
P addition under the same rate of N addition (Figure 3H).
However, the effect of N addition on the ratio of 1,630/1,090

depended on P addition rates (i.e., interactive effect). That is,
the ratio of 1,630/1,090 was significantly increased by N addition
only under the largest rate of P addition (i.e., 1 g P m−2 year−1).
In combination with 5N treatment, the largest rate of P addition
significantly increased the ratio of 1,630/1,090 (Figure 3I).

Results of hierarchical partitioning analysis indicated that
TP concentration was the most important factor influencing
the variations in humification indices both under the short-
and long-term fertilizations (Figures 2B,D). For the short-
term fertilization, the full model R2 of environmental variables
was 0.09, indicating that peat and porewater chemical
properties only had weak relationships with humification
indices (Figure 2B). Specifically, TP concentration explained
the largest proportion of variations in humification indices
(R2
= 0.07), followed by DOC (R2

= 0.03) and TN
concentrations (R2

= 0.02). For the long-term fertilization,
the full model R2 of environmental variables was 0.42. TP
concentration was the most important factor in explaining the
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FIGURE 2

Spearman’s correlations between plant species abundance and physicochemical properties of peat and porewater under the short- (A) and
long-term fertilizations (C), and the hierarchical partitioning between physicochemical properties of peat and porewater and the humification
indices under the short- (B) and long-term fertilizations (D). Asterisks represent significant correlations.

variations in humification indices (R2
= 0.23), followed by DON

(R2
= 0.07) and DOP concentrations (R2

= 0.06; Figure 2D).

Discussion

Changes in plant abundance and
environmental variables

We found divergent results with regard to the responses
of plant abundance to the short- and long-term fertilizations
(Figure 1). During the short-term fertilization, the abundance
of Sphagnum moss was increased by 25–70% after N and/or
P additions (Figure 1A). It is not surprising to observe a
positive effect of inorganic N and/or P inputs on the growth
of Sphagnum moss at a low cumulative amount, considering
that plant growth in peatlands is often constrained by limited
N and/or P availabilities (Leon et al., 2019; Dash et al., 2020).
This increase of Sphagnum moss abundance under short-term
fertilization has been observed in many previous studies (e.g.,
Limpens et al., 2004; Bubier et al., 2007; Leon et al., 2019).
Meanwhile, the positive correlations between Sphagnum moss
abundance and TN and TP concentrations (Figure 2A) may
indicate N and P co-limitation as observed in other peatlands
(e.g., Cusell et al., 2014; Wang et al., 2016).

Long-term fertilization has shifted the dominant plant
functional type from being Sphagnum moss to vascular plants

(Figures 1C,D). Specifically, the increase in vascular plant
abundance and decline in Sphagnum moss abundance were
observed after the additions of N, P and their combinations
(Figures 1C,D). Namely, the effects of nutrient addition on plant
growth and community composition were dependent on the
cumulative amount (i.e., rate and duration) of N and P additions
(Larmola et al., 2013). Wieder et al. (2019) has documented that
5-year N addition (25 kg N ha−1 year−1) inhibited the growth of
Sphagnum fuscum, while increased the net primary productivity
of shrubs and a tree species (Picea mariana). Li et al. (2018)
observed that the productivity of S. palustre was the largest when
the rate of P addition reached 2 kg P ha−1 year−1, whereas
any further increase in the addition rate inhibited its growth.
Overall, the expansion of vascular plants owing to long-term
nutrient enrichment has become a more commonly observed
phenomenon in northern peatlands (e.g., Kool and Heijmans,
2009; Wang et al., 2016; Moore et al., 2019).

This shift in plant community composition may be induced
by a variety of factors, including nutrient toxicity, shading
effect, and microtopography disturbance (Heijmans et al., 2001;
Pouliot et al., 2011; Larmola et al., 2013). In the early stage
of fertilization, N and/or P additions stimulated Sphagnum
moss growth by improving nutrient-poor condition (Leon et al.,
2019). Subsequently, with cumulative nutrient input, Sphagnum
moss began to lose the filtering capacity and suffered from the
competition of vascular plants which had access to enriched
N and P availabilities in peat (Bragazza et al., 2005; Larmola
et al., 2013). This possible toxic effect owing to nutrient
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FIGURE 3

Fourier-transform infrared (FTIR) spectra under the short- (A) and long-term fertilizations (F), and the humification indices under the short-
(B–E) and long-term fertilizations (G–J). Different lowercase letters represent significant differences among N treatments under the same P
addition rate in the long-term fertilization. Different uppercase letters represent significant differences among P treatments under the same N
addition rate in the long-term fertilization.

addition drove plant species change with loss of Sphagnum
moss, and increased the abundance of vascular plants (Larmola
et al., 2013). Furthermore, during the long-term fertilization,
the increased vascular plant biomass and litter accumulation
would further inhibit Sphagnum moss growth via shading effect
(Heijmans et al., 2001; Nordbakken et al., 2003). As observed
by Limpens and Berendse (2003), about 53% shading was
close to the tolerance limit of Sphagnum moss. As the height
and root biomass of vascular plants increased after long-term
fertilization, the difference in microtopography were enhanced
by physically reinforced “hummockification” (Pouliot et al.,
2011). This change of microtopography further resulted in
a lowering of water table by augmenting evapotranspiration
(Diamond et al., 2020). Aside from the water stress, the
increasing abundance of vascular plants would also reduce
the accessibility of Sphagnum moss to light and nutrient,
which further retarded its growth (Pouliot et al., 2011; Wieder
et al., 2019). This competition between Sphagnum moss and
vascular plants was confirmed by the significantly negative

relationship between their abundances under the long-term
fertilization (Figure 2C).

The changes of peat properties were owing to the combined
effects of nutrient addition and plant growth (Moore et al.,
2019). It was not surprising to observe the increase of TN
and TP concentrations after N and P additions (Table 1). We
did not find significant interaction between N and P after 3-
year fertilization, likely because of limited duration of nutrient
addition (Kellera et al., 2005). Interestingly, TP concentration
was positively correlated with the abundance of Sphagnum
moss under the short-term fertilization and the abundance of
vascular plants under the long-term fertilization, indicating that
P may play a more important role than N in controlling plant
growth at Hani peatland (Li et al., 2019). Compared to the
short-term fertilization, K concentration significantly increased
and that of Ca and Mg significantly decreased after the long-
term fertilization (Table 1). The much smaller concentrations
of Ca and Mg in the long-term fertilized plots relative to the
short-term ones might be caused by the larger plant uptake
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FIGURE 4

Schematic diagrams of the mechanisms of soil C protection in the short- (A) and long-term fertilizations (B). Red arrows indicate positive
influences and blue arrows indicate negative influences.

owing to favored growth of vascular plants under the long-
term fertilization (Moore et al., 2019). The increase in K
concentration could be mainly attributed to high leaching
velocity with litter decomposition of vascular plants under the
long-term fertilization (Bragazza et al., 2007).

Porewater chemistry was not only associated with external
nutrient input, but also regulated by the metabolism of soil
microorganisms and plants (Moore et al., 2019). Our results
disclosed that DON was the dominant dissolved N form,
followed by NH4

+-N and NO3
−-N (Table 2), which was

in line with many previous studies (e.g., Chiwa et al., 2016;
Moore et al., 2019). In particular, we found that N addition
significantly led to the build-up of DON and NH4

+-N under
both the short- and long-term fertilizations. It is possible that
large rate or long-term N addition can enhance microbial
activity and plant growth, and stimulate the secretion of
secondary metabolites (e.g., amino acids; Bragazza and
Limpens, 2004). Moreover, we observed a slight increase in
DIN concentration after the long-term fertilization, which may
be related to the decline in the capacity of Sphagnum moss
as a natural N “filter” owing to the decrease in abundance.
However, dissolved P concentration did not change significantly
(Table 2). The dissolved nutrients in porewater could be
easily assimilated by microorganisms or plants in the form of
monomers (Dugan et al., 2011). If a certain type of nutrient
limitation in peatlands was deteriorated, the corresponding
dissolved nutrients in porewater should be preferentially
assimilated by microorganisms and plants (Dugan et al., 2011;
Schlesinger and Bernhardt, 2020). Consequently, considering

that P might be more limited than N in northern peatlands
(e.g., Dimitrov et al., 2014; Hill et al., 2014), the dissolved
P in porewater was rapidly assimilated, and thus no
significant change in its concentration was observed after
nutrient addition.

Weak response of soil carbon

Overall, based on the results of peat and porewater
chemistry, TC and DOC concentrations and organic matter
composition did not vary considerably neither in our short-
term fertilized plots on Sphagnum moss-dominated hummocks,
nor on the hummocks where vascular plants expanded after
long-term N and/or P enrichment. These results contrasted with
our first hypothesis that N and P additions would significantly
change the composition of soil chemical moieties and
compromise soil C storage during the short-term fertilization
(Tables 1, 2). However, they partly supported our second
hypothesis that the flourish of vascular plants at the expense
of Sphagnum moss eventually protected soil C from being lost
during the long-term fertilization.

Specifically, as for the short-term fertilization, we observed
that TC and DOC concentrations did not change remarkably
with N and P additions (Tables 1, 2). Similarly, changes
in FTIR spectra were minimal, and we did not observe a
significant effect of the short-term nutrient addition on peat
organo-chemical composition as indicated by the humification
indices (Figures 3A–E). The short-term nutrient addition did
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not dramatically change the acidic, waterlogged, and nutrient-
deficient conditions, and thus the preserved C in peatlands
remained relatively stable (Clymo and Hayward, 1982; Fritz
et al., 2011). And this finding was also supported by the
extremely low contribution of environmental variables to
the humification indices. In addition, the balance between
litterfall and decomposition controls soil C dynamics (Berg and
Laskowski, 2006). In our study, the FTIR bands indicative of
polysaccharide increased in the fertilized plots (Figure 3A),
likely due to larger organic matter input instead of greater litter
production of predominant Sphagnum moss in the fertilized
plots relative to the control. Thus, Sphagnum moss growth may
partly compensate for the positive effects of short-term nutrient
enrichment on soil C release.

The shift in plant community composition could change
the accumulation of high molecular weight compounds via
litterfall under long-term fertilization (Moore et al., 2019).
The results of FTIR spectra showed that the absorptions
of refractory phenolic compounds, carboxylates, and humic
acids were enhanced in the fertilized plots, accompanied by
a tendency of increasing abundance of vascular plants. Such
effects of nutrient addition on FTIR spectra by driving change
of plant community composition have also been noted by other
studies (e.g., Artz et al., 2008; Chen et al., 2018; Moore et al.,
2019). However, for the long-term fertilization, we still did not
observe any significant change in the concentrations of TC and
DOC, and the humification indices had only slightly changed
after being fertilized for 10 years. A possible explanation for this
phenomenon might be that vascular plants inhibit the activity
of microbial decomposers via the increase of high-phenolic
litter production (Keuskamp et al., 2015; Fenner and Freeman,
2020). FTIR spectroscopic analysis demonstrated that the long-
term nutrient addition increased the concentrations of aromatic
compounds in peat, especially after the combination of N and P
additions, as indicated by increasing peak ratios of 1510/1090
and 1630/1090 (i.e., lignin and phenolics/polysaccharide, and
aromatics/polysaccharide, respectively; Figures 3H,I). The
phenolics (e.g., tannin) and other aromatic components of plant
litter were strongly correlated with microbial decomposition,
considering that they could bind protein and retard nutrient
mobilization via oxidative degradation and biotoxicity (Wang
et al., 2015; Fenner and Freeman, 2020). Meanwhile, phenolics
have been found to inhibit key hydrolase activities (e.g., β-
1,4-glucosidase, invertase, and cellobiohydrolase) and impede
nutrient cycling and decomposition (Freeman et al., 2001, 2004).
This “enzymatic latch” mechanism is expected to play a key role
in peatlands dominated by vascular plants (Wang et al., 2015).

Other processes associated with vascular plant expansion
may also retard soil C decomposition. First, the phenolics not
only directly impede microbial activity (Freeman et al., 2001;
Fenner and Freeman, 2020), but could also shift the fungal
community to a slow-growing strategy (Wang et al., 2021). For
example, Wang et al. (2021) found that nearly 85% of fungi were

fast-growing in Sphagnum-dominated habitat, while shrub-
dominated habitat was dominated by slow-growing fungi (75%).
The different composition of fungal community with different
growing strategies led to the variation in decomposition rate,
which was faster in Sphagnum-dominated peatlands than that
in peatlands dominated by vascular plants (Koch, 2001; Wang
et al., 2021). Second, the extensive root system helps shrub
efficiently capture available N and P in soils (Lambers et al.,
2006), and compared to soil microorganisms, vascular plants
may have advantages of nutrient acquisition (Smith et al., 2011).
The competition for nutrients between vascular plants and soil
microorganisms might indirectly reduce the sensitivity of soil
microorganisms to external nutrient enrichment.

In this study, we formulated a hypothetical logic frame,
i.e., C storage involved complex interrelation among peat,
porewater, and vegetation processes, and assessed the divergent
effects of the short- and long-term fertilizations on organic
matter decomposition as indicated by the humification indices.
Interestingly, the physicochemical properties of peat and
porewater had little effect on the humification indices in the
short-term fertilization plots where Sphagnummoss-dominated.
Besides, the harsh conditions for microbial decomposers,
combined with the increased C return from litterfall of
Sphagnum moss, likely resulted in the lack of significant changes
in soil C concentrations and organo-chemical composition
during the short-term fertilization (Figure 4A). For the long-
term fertilization, although the contribution of environmental
variables to organic matter decomposition has increased, the
input of high-phenolic litters owing to the shift in plant
community composition from being Sphagnum moss- to
vascular plant-dominated, may ultimately inhibit microbial
activity and soil C release (Figure 4B).
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Tidal creeks have attracted considerable attention in estuary wetland conservation

and restoration with diverse micro-habitats and high hydrological connectivity.

Bacterial communities act effectively as invisible engines to regulate nutrient element

biogeochemical processes. However, few studies have unveiled the bacterial community

structures and diversities of micro-habitats soils on the tidal creek section. Our study

selected three sections cross a tidal creek with obviously belt-like habitats “pluff mudflat –

bare mudflat – Tamarix chinensis community – T. chinensis-Suaeda salsa community–

S. salsa community” in the Yellow River estuarine wetland. Based on soil samples, we

dissected and untangled the bacterial community structures and special bacterial taxa of

different habitats on the tidal creek section. The results showed that bacterial community

structures and dominant bacterial taxa were significantly different in the five habitats.

The bacterial community diversities significantly decreased with distance away from tidal

creeks, as well as the dominant bacteria Flavobacteriia and δ-Proteobacteria, but in

reverse to Bacteroidetes and Gemmatimonadetes. Moreover, the important biomarkers

sulfate-reducing bacteria and photosynthetic bacteria were different distributions within

the five habitats, which were closely associated with the sulfur and carbon cycles. We

found that the bacterial communities were heterogeneous in different micro-habitats on

the tidal creek section, which was related to soil salinity, moisture, and nutrients as well

as tidal action. The study would provide fundamental insights into understanding the

ecological functions of bacterial diversities and biogeochemical processes influenced by

tidal creeks.

Keywords: tidal creek, micro-habitats, bacterial community, sulfate-reducing bacteria, ecological functions

INTRODUCTION

Estuary wetlands, between ocean and terrestrial ecosystems, play important ecological functions
in climate change regulation, biodiversity preservation, and environmental remediation (Fennessy,
2014; Murray et al., 2019; Xiao et al., 2019). In the front estuary wetlands by field investigation and
aerial photography, there are a variety of small and different micro-habitats around tidal creeks,
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which compose the tidal creek salt marshes. Tidal creek salt
marshes are active and critical to biogeochemical processes
and biological diversities with high hydrological connectivity
(Mallin and Lewitus, 2004; Vandenbruwaene et al., 2012; Cui
et al., 2016). Along with the frequent and long-time tidal
alternation, the tidal creek salt marshes comprise many different
micro-habitats and have orderly occurred in habitat successions
with unvegetated mudflat initiation, vegetation colonization,
organic and inorganic sediment deposition, and upper marsh
elevation (Wilson et al., 2014; Chirol et al., 2018; Wu et al.,
2020). For example, the micro-habitats are bare lands and/or
the Spartina alterniflora community near tidal creeks due to
long-time flooding and in the upper lands away from tidal
reeks colonized by more plant communities like Suaeda glauca,
Salicornia europaea, and Phragmites communis (Kim, 2018; Liu
et al., 2020). It should be notable that the diverse micro-
habitats on the tidal creek section are to advantage to maintain
the eco-functions, including biogeochemical processes, matter
exchanges, environmental resilience, and so on (Arriola and
Cable, 2017; Tan et al., 2020; Trifunovic et al., 2020; Wu et al.,
2020).

It is extensively focused on that bacterial communities that
are indispensable to understanding and untangling the estuary
wetland eco-functions, because engines act as a driver for soil
carbon and nitrogen turnover processes, environment resistance,
resilience, and so on (Huang et al., 2020; Zou et al., 2020; Coban
et al., 2022). Previous studies have demonstrated that bacterial
communities are greatly affected by many environmental factors,
such as pH, organic matter, nutrient availability, soil salinity,
and moisture (Fierer, 2017). In coastal wetland, soil salinity and
nutrients were regarded as the important environmental filters
(An et al., 2019). As well, soil bacterial community structures
and functions, like sulfate-reducing and nitrifying bacteria, were
significantly different, ranging from oligohaline to hypersaline
habitats (Li et al., 2019; Zhang et al., 2020). Thus, it is important
to unveil the relationships between bacterial communities and
habitats in tidal creek salt marshes to better understand eco-
functions of estuary wetlands.

The Yellow River estuary wetland is focused by previous
studies on micro-habitat types, biogeochemical processes, and
eco-functions of wetlands (Zhao et al., 2010; Yu et al., 2018;
Gong et al., 2021). Several recent studies have found that bacteria
communities have existed in great variations, which were relevant
to geographic patterns, season variations, plant types, and soil
salinities (Lv et al., 2016; Zhang et al., 2017; Zhang et al., 2020;
Li et al., 2021). However, it is poorly to announce bacterial
community structures in the micro-habitat soils on the tidal
creek section, which would limit our understanding of the
biogeochemical processes and eco-functions in estuary wetland
ecosystem. Herein, the present study has selected a tidal creek
to investigate the bacterial community structures and unveil
the keystone bacteria in response to the soil biogeochemical
processes of different micro-habitats. Our hypotheses are that (1)
dominant bacteria and bacterial biomarkers should be different
across the five micro-habitats on the section of the tidal creek, (2)
the differences may be related to the effects of tidal action and soil
properties together.

MATERIALS AND METHODS

Soil Sampling and Soil Physicochemical
Properties Analysis
We selected a tidal creek (37◦46′−37◦49′N, 119◦5′−119◦6′E),
approximately 6,430-m length and 110–190-m width in the
Yellow River estuarine wetland, located at Dongying City,
Shandong Province, Eastern China (Figure 1A). Along the tidal
creek, three sections, 200m away from each other, were set, and
each section was divided into five micro-habitats according to
hydrologic conditions and the vegetation community, including
pluff mudflat (PM), bare mudflat (BM), Tamarix chinensis
community (TC), T. chinensis-Suaeda salsa community (TSC),
S. salsa community (SC) (Figure 1B). In detail, PM was closest to
the tidal creek with long-time flooding and no plant coverage. BM
suffered medium-time flooding and uncovered vegetation, but
more fiddler carb bioturbation. Compared with the lower micro-
habitats of PM and BM, the uppermicro-habitats of TC, TSC, and
SCwere short-time flooding by spring tidal current and colonized
with two dominant halophytes of T. chinensis and S. salsa.

The soil samples (2–10 cm) in every habitat were collected
with three repetitions in July 2018. All of the soil subsamples
were quickly sealed in sterile Eppendorf tubes and stored in liquid
nitrogen for 16S rRNA analysis, and the others were air dried for
soil physicochemical analyses in the laboratory.

Soil physicochemical properties consisting of soil moisture
content (SMC), pH value, electrical conductivity (EC), soil
organic carbon (SOC), total nitrogen (TN), and total phosphorus
(TP) weremeasured using standard soil test methods as described
by the agriculture protocols for China (Lu, 2000). In brief, SMC
was determined by weight loss after drying 20 g of wet soil at
105◦C for 24 h. Soil pH and EC were determined by a pH meter
and an electronic probe (the soil-to-water ratio was 1:5). The
SOC, TN, and TP were determined by the potassium dichromate
heating oxidation-volumetric method, Kjeldahl nitrogenmethod,
Mo-Sb anti spectrophotometric method, respectively.

Soil Bacterial DNA Extraction and PCR
Amplification
Our study used the E.Z.N.A. R© soil DNA Kit (Omega
Bio-Tek, Norcross, GA, U.S.) to extract microbial DNA
from soil samples. The final DNA concentration and
purification were determined by a NanoDrop 2000 UV-
vis spectrophotometer, and DNA quality was checked by
1% agarose gel electrophoresis. The V3-V4 hypervariable
regions of 16S rRNA were selected to identify bacteria
species (Yang et al., 2018), and amplified using the barcoded
primers 338F/806R (5’-ACTCCTACGGGAGGCAGCAG-3’/5’-
GGACTACHVGGGTWTCTAAT-3’) from the qualified DNA
templates. Briefly, the PCR reactions were amplified using
the following program: 3min of initial denaturation at 95◦C,
followed by 27 cycles of denaturation at 95◦C for 30 s, primer
annealing at 55◦C for 30 s, elongation at 72◦C for 45 s, and a final
extension of 10min at 72◦C. The resulted PCR products were
extracted from a 2% agarose gel and purified using the AxyPrep
DNA Gel Extraction Kit. All of the purified PCR products were
quantified using QuantiFluorTM-ST (Promega, USA).
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FIGURE 1 | (A) Location of the micro-habitats around the tidal creek in the Yellow River estuary wetland. (B) Landforms of the micro-habitats around the tidal creek,

namely PM (pluff mudflat), BM (bare mudflat), TC (Tamarix chinensis community), TSC (T. chinensis and Suaeda salsa community), and SC (S. salsa community).

Illumina MiSeq16S rRNA High-Throughput
Sequencing and Data Processing
Purified amplicons were pooled in equimolar and paired-end
sequenced (2 × 300) on an Illumina MiSeq platform (Illumina,
San Diego, USA) according to the standard protocols by
Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).
Raw fastq files were quality-filtered by Trimmomatic and merged
by FLASH with the following criteria: (1) The reads were
truncated at any site receiving an average quality score < 20
over a 50-bp sliding window. (2) Sequences of overlap being
longer than 10 bp were merged according to their overlap
with mismatch no more than 2 bp. (3) Sequences of each
sample were separated according to barcodes (exactly matching)
and Primers (allowing 2 nucleotide mismatching), and reads
containing ambiguous bases were removed.

Operational taxonomic units (OTUs) were clustered with
a 97% identity cutoff using UPARSE (version7.0.1090, http://
drive5.com/uparse/), with a novel “greedy” algorithm that
performs chimera filtering and OTU clustering simultaneously.
The taxonomy of each 16S rRNA gene sequence was analyzed
by RDP Classifier algorithm (https://sourceforge.net/projects/

rdp-classifier/) against the Silva project’s version 138 release
(https://www.arb-silva.de/) using a confidence threshold of 70%.
Mothur1.30.2 and Qiime 1.9.1 have calculated the bacterial α-
diversity and β-diversity, respectively.

Statistical Analysis
The differences in soil physicochemical properties, bacterial
α-diversity, and species were estimated by one-way ANOVA
analysis in SPSS 22. Bacterial β-diversity analysis was displayed
with principal coordinate analysis (PCoA) based on the
weighted normalized unifrac (WNU) metric. Heatmap analysis
and redundancy analysis (RDA) were used to find the
differential OTUs, and the relationships between bacteria and
soil physicochemical properties in the five habitats, respectively.
All biomarkers of the five bacterial communities have been
identified by linear discriminant analysis (LDA) effect size (LDA
> 3, p <0.05) on the Galaxy (https://huttenhower.sph.harvard.
edu/galaxy/root) to mine special biomarkers and explain the
differences in different bacterial communities (Segata et al.,
2011).
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RESULTS

Soil Physicochemical Properties
As shown in Table 1, the values of SOC, TN, EC, and SMC were
significantly different among micro-habitats (p < 0.05). In detail,
the SOC content was highest in SC and followed in TSC, TC, BM,
and PM, with means of 7,368.23± 10, 6,508.12± 83, 5,960.18±
76, 5,844.81 ± 56, 4,659.71 ± 49 mg·kg−1, respectively. The TN
contents in upper micro-habitats (TC, TSC, and SC) were higher
than in lower micro-habitats (PM and BM), with the range from
298.77 to 328.42 mg·kg−1 vs. 164.84 to 240.07 mg·kg−1. As well,
the soil EC in vegetation micro-habitats was higher than in the
two bare mudflats, with a range from 3.11 to 5.85 ms·cm−1 vs. 66
to 1.47 ms·cm−1. The SMC was 34 ± 0.02% in PM, which was
highest among all the micro-habitats. However, there were no
significant differences in pH values (p = 0.208) and TP contents
(p= 0.38) among the five micro-habitats.

Overview of 16S rRNA High-Throughput
Sequencing and Bacterial OTU Diversity
The study has got 702,472 high-quality amplicons with an average
length of 440 bp in 15 soil samples, and 99.81% of them were
even distributed into the ranges from 401 to 460 bp in length
(Figure 2A). After picking out the chimeras and single sequences,
it generalized 534,284 valid reads and clustered into a total
of 4,657 valid OTUs in the five micro-habitats (Table 2). With
Good’s coverage scores ranging from 98.42 to 99.41% as a result,
there were most OTUs in BM (2,155), and followed by TC
(1,947), PM (1,915), SC (1,384), and TSC (1,048). The bacterial
α-diversity analysis showed that community richness estimators
ACE, Chao1, and diversity index Shannon were significantly
different in the five micro-habitat soils (all p < 0.01), except
for Simpson index (p = 0.107). ACE, Chao1, and Shannon
index of PM, BM, and TC were significantly higher than that
of the TSC and SC. With the increase of sample sequences, the
rarefaction curves of bacterial OTUs and Shannon-Wiener index
have approached the plateaus (Figures 2B,C), which indicated
that our subsampling analysis can reflected the bacteria diversity
in each sample. Furthermore, the bacterial β-diversity explained
the OTUs separation with PCoA (R2

= 0.558, p = 0.001), which
showed a significant variance among the five micro-habitats. The
first axis PC1 and second axis PC2 explained 55.16% of the
total variance with PCoA (Figure 2D). Together, the bacterial α-
and β-diversity implied that bacterial community structures were

different between the lower micro-habitats vs. the upper micro-
habitats.

Bacterial Community Structures in
Different Micro-Habitats
At the bacterial OTU level, there were 573 shared bacterial OTUs
in five micro-habitats, accounting for 22.31% (PM), 18.56%
(BM), 19.29% (TC), 31.04% (TSC), and 23.86% (SC), respectively
(Figure 3A). On the contrary, 170 OTUs were individual in
PM (6.62%), BM (5.05%), TC (4.91%), TSC (11.38%), and SC
(8.03%), respectively. Moreover, 67 bacterial classes were shared
and accounted for 59.82% (PM), 56.78% (BM), 55.83% (TC),
79.76% (TSC), and 66.34% (SC) (Figure 3B). However, only
a few bacteria were uniquely or commonly observed in the
other combinations with 1 to 16 overlapped classes, even no
shared, which implied that bacterial taxa were relatively stable
at the class level vs. at the OTU level across the five micro-
habitats.

The dominant bacterial classes of the five habitats were
γ-Proteobacteria (15.76%), α-Proteobacteria (10.89%),
Bacteroidetes IncertaeSedis (9.04%), Gemmatimonadetes
(8.3%), Flavobacteriia (8.94%), Actinobacteria (7.31%), δ-
Proteobacteria (7.22%), Anaerolineae (4.2%), Acidobacteria
(3.8%), Sphingobacteriia (3.41%), and so on (Figure 3C). Of
them, Bacteroidetes IncertaeSedis and Gemmatimonadetesin
upper micro-habitats (SC, TSC, and TC) were obviously
higher than them in lower micro-habitats (PM and BM),
with 16.04–0.8% (p = 0.02) and 11.74–2.09% (p = 0.02),
while Flavobacteriia and δ-Proteobacteria were decreased
from PM to SC with 14.16–3.25% (p = 0.04) and 12.58–
4.96% (p = 0.02). In addition, Acidobacteria (p = 0.03) and
Sphingobacteriia (p = 0.04) were significantly different in the
five micro-habitats.

The top 50 bacterial OTUs were selected to compare the
OTU abundances and taxa to characterize the variations of
bacterial community structures (Figure 4). Fourteen OTUs were
significantly enriched in PM, BM, and TC (p < 0.05), which
belonged to eight bacterial families of JTB255, Flavobacteriaceae,
Unknown γ -Proteobacteria, Sva1033, Rhodobacteraceae,
Rhodobiaceae, Rhodospirillaceae, and OM1 clade. Meanwhile,
about 20 OTUs were abundant in TC, TSC, and SC, widely
mapped into Flavobacteriaceae, Rhodobacteraceae, Trueperaceae,
unclassified Chloroflexi, OM1 clade, etc.

TABLE 1 | The heterogeneous soil properties in the tidal creek salt marsh.

Site SMC (%)* pH EC (ms/cm)* SOC (mg/kg)* TN (mg/kg)* TP (mg/kg)

PM 0.24 ± 0.02 8.07 ± 0.42 0.66 ± 0.07 4,659.71 ± 49 273.4 ± 22.44 43.91 ± 8.38

BM 0.25 ± 0.05 7.97 ± 0.30 1.47 ± 0.52 5,844.81 ± 56 154.84 ± 14.18 38.96 ± 1.44

TC 0.24 ± 0.04 7.62 ± 0.62 3.11 ± 1.06 5,960.18 ± 76 288.4 ± 20.69 40.02 ± 21.49

TSC 0.22 ± 0.01 7.79 ± 0.27 5.85 ± 0.79 6,508.12 ± 83 298.77 ± 23.55 42.29 ± 11.55

SC 0.24 ± 0.01 7.24 ± 0.39 5.29 ± 1.1 7,368.23 ± 10 305.09 ± 9.22 30.63 ± 7.28

The asterisks (*) indicate the soil properties are significantly different, and the p < 0.05.
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FIGURE 2 | (A) 16S rRNA V3-V4 amplicons ranged from 401 to 460 bp in the five habitats. (B) Rarefaction curves of 97% similar OTUs. (C) Shannon-Wiener curves

in the five habitats. (D) β-diversity of the bacterial community in the five habitats.

TABLE 2 | The bacterial communities in valid sequence reads, 97% OTUs, Good’s Coverage, and bacterial α-diversity indices.

Site Reads OTUs Good’s coverage ACE Chao1 Shannon index Simpson index

PM 33,680 2,568 98.57% 2,268 2,310 6.12 0.0062

BM 35,768 3,088 98.22% 2,598 2,581 6.14 0.0063

TC 34,356 2,971 98.42% 2,354 2,375 5.89 0.0106

TSC 3,5607 1,846 99.35% 1,198 1,217 5.43 0.0107

SC 38,684 2,402 98.96% 1,611 1,635 5.42 0.0157

Bacterial Biomarkers in Different
Micro-Habitats
A total of 129 bacterial biomarkers were identified in the five
micro-habitats, with 63 biomarkers (12 bacterial classes) in
PM, 16 (5 classes) in BM, 9 (4 classes) in TC, 33 (2 phyla
and 8 classes) in TSC, and 8 (2 classes) in SC, respectively
(Supplementary Table S1). The bacterial communities of PM
and TSC had more biomarkers, which mainly clustered into the

classes of α-, δ-, γ-Proteobacteria, Flavobacteriia, Acidobacteria,

Actinobacteria, etc. At the bacterial genus level, these biomarkers

belonged to 60 genera, and most enriched in PM with 29

bacterial genera, followed by in BM (12), TSC (10), TC (5),
and SC (4) (Figure 5). For example, the result found that 10
genera (Desulfococcus, Desulfosarcina, the Sva0081 sediment
group, no-rank Desulfobulbaceae, unclassified Desulfobulbaceae,
Desulfobulbus, Syntrophobacteraceae, Desulfuromonadales,
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FIGURE 3 | Venn diagram of bacterial OTUs (A) and classes (B) among the five habitats. (C) Dominant bacteria in the five habitats at bacterial class level, and the

asterisks (*) indicate the significantly different bacteria (p < 0.05).

unclassified Desulfuromonadales, and Geothermobacter) of
sulfate-reducing bacteria (SRB) were the biomarkers in

PM and BM. In addition, aerobic anoxygenic phototrophic

bacteria (AAPB) were also significantly different and diverse

in the five micro-habitats with 14 bacterial genera, such as

Rhodobacteraceae, Rhodospirillaceae, and Roseovarius. It would

be noted that several AAPBs were abundant in Rhodobacteraceae
(5.42%), Rhodospirillaceae (1.68%), Ectothiorhodospiraceae
(1.05%), Subsection III (0.56%), Rhodobiaceae (0.48%).

The Relationship Between Bacterial
Community Structures and Soil
Physicochemical Properties
At the bacterial class level, the first axis RDA1 and second
axis RDA2 have explained 47.56% variances between bacterial
community structures and soil physicochemical properties
(Figure 6A). The RDA result showed that bacterial community
structures of TC, TSC, and SC were positively related to
SOC, TN, and EC but negatively related to SMC, pH,
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FIGURE 4 | The relative abundances of top 50 OTUs at the family and class levels in the five habitats. The symbol (*) indicates the significantly different bacteria. The *

symbol indicates the value of p < 0.05, the ** symbol indicates the value of p < 0.01, and the *** symbol indicates the value of p < 0.001.

and TP, that of PM and BM in reverse. Furthermore, our
study selected the top 20 bacterial classes and 50 bacterial
families to unveil the relationship with soil properties. In
detail, heatmap analysis showed that the classes Bacteroidetes,
Phycisphaerae, Gemmatimonadetes, and unclassified Chloroflexi
were positively related to SOC, TN, and EC, in contrast to
α-, δ-Proteobacteria, and Flavobacteriia (Figure 6B). Moreover,
the bacterial classes (e.g., Flavobacteriia, Verrucomicrobiae,
Phycisphaerae) were significantly affected by SMC and pH.
At the family level, the result showed that 26 bacteria were
closely related to SOC, TN, EC, and SMC (Figure 6C).
The majority of them were the dominant class α-, δ-
, γ-Proteobacteria, Gemmatimonadetes, Bacteroidetes, and
Flavobacteriia, suggesting that the soil properties of SOC, TN,
EC, and SMC were the important environmental factors to
alter the bacterial community structures in the five micro-
habitats.

DISCUSSION

Tidal creek salt marshes have characterized as frequently tidal
flooding and strongly hydrological connectivity, and shape active
and uneven ecosystems with several small and diverse micro-
habitats (Mooraki et al., 2009; Cabezas et al., 2017; Wang et al.,
2021). Some studies have shown that these micro-habitats were
important to maintain health estuary wetland eco-functions,
such as carbon capture and storage, wetland restoration and
buffering disturbances (Wu et al., 2020; Glaser et al., 2021). In
field investigation, there were fivemicro-habitats of pluffmudflat,
bare mudflat, T. chinensis, T. chinensis-S. salsa, and S. salsa
around the tidal creek. This may be due to that tidal creek greatly
altered microtopography, soil seed colonization, and vegetation
succession via tidal fluctuation in the estuary wetland (Chang
et al., 2010; Zhu et al., 2021). These micro-habitats around tidal
creeks generated significantly different soil properties of soil
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FIGURE 5 | Linear discriminant analysis effect size (LefSe) of bacterial biomarkers in the five habitats.

moisture, salinity, and nutrients (Table 1). Because of near tidal
creeks and frequent tidal flooding, SMC of the lower micro-
habitats (pluff and baremudflats) was higher. However, the upper
micro-habitats (T. chinensis, T. chinensis-S. salsa, and S. salsa
communities) were suffered by short-time flooding and strong
evaporation, which should be the major reasons and thus to
aggregate the higher EC and lower SMC in these surface soils
(Kearney and Fagherazzi, 2016; Zhou et al., 2020). Moreover, soil
nutrients of the lower micro-habitats were taken away by tidal
fluctuation, meanwhile accumulated in the upper micro-habitats
due to litter decompositions (Chomel et al., 2016; Koceja et al.,
2021; Yang et al., 2021).

The present study found the bacterial community structures
were significantly different in the five micro-habitats on the
tidal creek sections, and these differences may be greatly
affected by the tidal action and soil properties together.
On one hand, the bacterial community structures of lower
micro-habitats (PM and BM) had more diversities than these
of upper micro-habitats (TC, TSC, and SC). This may be
due to that more frequent tidal action contributed to the
passive dispersal of bacterial taxa via the marine bacteria.
It has been confirmed that several marine bacteria were
enrichment in PM and BM, including the dominant bacterial
families JTB 255 (γ-Proteobacteria) (Dyksma et al., 2015),
Flavobacteriaceae (Flavobacteriia) (Cho and Giovannoni, 2004),
and OM1 clade (Actinobacteria) (Morris et al., 2012). In
addition, the soil properties may contribute main influence to
the differences in bacterial community structures (Figure 6A).
Although pH was regarded as the most important environmental
factor to affect soil bacterial communities (Fierer, 2017; Xun
et al., 2019), the soil nutrient, salinity, and moisture were
more important to the bacterial community structures in

our study. Many pieces of evidence have supported our
result that the soil nutrient availability and salinity were the
predominant reasons for bacterial communities in estuary
wetland (An et al., 2019; Li et al., 2019; Rath et al., 2019;
Zhang et al., 2020). On the other hand, the differences
in bacterial community structures were also exhibited in
dominant bacterial taxa, in particular with a high variable in
the α-, δ-, γ-Proteobacteria, Bacteroidetes, Gemmatimonadetes,
Flavobacteriia, Acidobacteria, and Sphingobacteriia, accounting
for about 70% (Figure 3C). Indeed, the study found EC, SMC,
SOC, and TN may be greatly responsible for them between the
lower and upper micro-habitats (Figures 6B,C).

Recent years, SRB and AAPB have got many attentions on
sulfur cycling, carbon mineralization, and sequestration in the
coastal wetland (Stegman et al., 2014; Jørgensen et al., 2019;
Rolando et al., 2022). The present study found SRB and AAPB
were characterized as the bacterial biomarkers in tidal creek salt
marsh, and may partly result in the differences of structures and
functions. SRB were widely distributed in anoxic environments,
and the lower micro-habitats (PM and BM) were suffered by
long-time seawater flooding and abundance SO2−

4 , which were
suitable for the SRB groups (Zeleke et al., 2013). Our study
found that SRB of 10 genera were great enrichment, which
suggests that they may be the potential indicators of the sulfur
cycle in lower micro-habitats. Moreover, AAPB were genetically
diverse in Proteobacteria (Bryant and Frigaard, 2006; Ritchie
and Johnson, 2012), in agreement with our results across α-,
β-, and γ-Proteobacteria (Figure 5). Some studies reported that
Rhodobacteraceae were high in abundance up to 25% of the total
bacterial community in seawater (Buchan et al., 2005; Lenk et al.,
2012). In the present study, the Rhodobacteraceae (Actibacterium,
Marivita, Roseivivax, Roseovarius, and Seohaeicola) were greatly
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FIGURE 6 | (A) Redundancy analysis (RDA) between soil properties and bacterial community structures at class level. The correlation heatmaps of soil properties and

dominant bacteria at class (B) and family (C) level. The symbol (*) indicates the significantly different bacteria. The * symbol indicates the value of p < 0.05, the **

symbol indicates the value of p < 0.01, and the *** symbol indicates the value of p < 0.001.

enriched in the lower micro-habitats (PM and BM), which may
be associated with dispersal between the lower micro-habitats
and seawater. In addition, the Rhodospirillaceae was abundant
in upper micro-habitats (TC, TSC, and SC). Several studies have
reported that Rhodospirillaceae was ability to N2 fixation and
positive relation of soil nutrient contents and plant successions
(Madigan et al., 1984; Ding et al., 2017).

CONCLUSION

Our study found that the bacterial communities were greatly
diverse and heterogeneous in the tidal creek salt marsh, and
the diversities were greatly altered by the effects of tidal
action, soil salinity, moisture, and nutrients. In particular, the
important biomarker taxa of SRB and AAPB groups were
close correspondence in different micro-habitats. These results
provide fundamental insights into unveiling bacterial community
diversities and important bacterial biomarkers of different micro-
habitats.
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Plant nutrient stoichiometry indicates the balance of plant internal nutrients

and its nutrient-use strategies in response to environmental changes.

However, the responses of nutrient stoichiometry in different wetland plant

organs under agricultural intervention are poorly understood. Here, we

compared the nitrogen (N), phosphorus (P), and the ratio of N:P in the

plant organs (leaves, stems, roots, and root hair) of a typical helophyte

plant (Glyceria spiculosa) in reference, drained, nutrient-rich, and cultivated

wetlands (CW) located downstream of the Tumen River in Northeast China.

Compared with that in reference wetlands (RW), the results indicate that the

average N content in plant leaves, stems, roots, and root hair in nutrient-rich

wetlands (NW) was significantly higher by 76, 61, 56, and 39%, respectively

(p < 0.05), whereas the N content of roots and root hair in drained wetlands

(DW) was significantly higher by 17 and 32%, respectively (p < 0.05). It was

found that plant root P increased only in nutrient-rich and DW (p < 0.05).

Interestingly, the agricultural interventions significantly affected soil N and

P availability, resulting in positive effects on plant leaves, stems, roots, and

root hair. Nutrient stoichiometry analysis showed the highest increase in plant

leaf N:P ratio in NW, followed by that in drained and CW, but its ratio in

root and root hair showed no significant changes under different agricultural

interventions, which suggests that G. spiculosa allocates nutrients differently

in different organs under agricultural interventions. These results imply that

plant nutrient stoichiometry should incorporate various plant organs for an

in-depth understanding of plant strategies against environmental changes.
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Introduction

The concept of ecological stoichiometry refers to the balance
between multiple chemical elements in ecological interactions
(Sterner and Elser, 2003). Nitrogen (N) and phosphorus (P)
are the most important nutrients for proper plant growth and
functioning (Li et al., 2018). Plant stoichiometry of N and P in
plant organs indicates the limitation of plant nutrients as well
as the plant homeostasis under the influence of environmental
changes (Alvarez-Clare and Mack, 2015; Zhang et al., 2021), and
this concept has been widely used to identify plant strategies that
control population stability, competition, and succession (Yu
et al., 2015; Guiz et al., 2016).

Wetlands are land areas that are inundated or saturated
by water frequently, resulting in low nutrient availability
(Bedford et al., 1999). To overcome the limitation of insufficient
nutrients, wetland plants have evolved strategies for survival,
including forming aerenchyma, and altering nutrient and
biomass allocation (Aerts and Chapin, 1999; Moor et al., 2017).
During the past decades, anthropogenic activities of wetland
cultivation have significantly caused over 50% of degradation
or loss of wetlands (Zedler and Kercher, 2005), consequently
increasing wetland fragmentation and altering the hydrological
conditions as well as soil nutrient conditions due to drainage
and fertilization (Zedler and Kercher, 2005; Zheng et al., 2017;
Qin et al., 2021). Further, these variations in hydrology and soil
nutrients have been found to affect plant growth, reproduction,
and community structures in wetlands (Li et al., 2018; Bai et al.,
2021).

The response of nutrient levels and nutrient stoichiometry
have been widely studied under the conditions of water level and
nutrient addition in wetlands (Güsewell, 2004; Mao et al., 2016;
Li et al., 2018; Zhang et al., 2021). However, these studies tend
to focus on the plant leaf or stem and neglect the belowground
plant organs as plant growth and reproduction depend upon
the roots to absorb and fix nutrients (Kramer-Walter et al.,
2016). Given the tendency of plants to allocate nutrients among
different organs to maximize soil nutrient availability (Yu et al.,
2015; Di Palo and Fornara, 2017; Bai et al., 2021), the study of
plant nutrient stoichiometries above- and below-ground could
lead to a better understanding of wetland plant responses to
agricultural interventions.

Glyceria spiculosa (Schmidt) Roshev. (Gramineae) is an
emergent macrophyte commonly found in freshwater marshes
and is widely distributed in China, East Russia, and North Korea
(Bai et al., 2021). Related studies have shown that both N and
P fertilizers can contribute to the dominance of G. spiculosa
(Mao et al., 2014, 2016). The responses of biomass allocation and
root clonal structures of G. spiculosa under nutrient input and
flooding show that it has high plasticity under environmental
changes (Luo et al., 2010; Bai et al., 2021). Nevertheless, little is
known about the nutrient stoichiometries of roots, stems, and
leaf organs of the species, and this limits the understanding of

the responses of G. spiculosa and its community succession in
different agricultural interventions.

To address this knowledge gap, we conducted a field
investigation in different wetlands located downstream of
the Tumen River, where G. spiculosa dominates the wetland
community. In this region, agricultural practices have caused
a drastic reduction in water levels and increased nutrient
levels within the wetlands (Zheng et al., 2017). Here, we
investigated the stoichiometry of N and P in G. spiculosa organs
(from roots to stems to leaves) among reference (natural),
drained, nutrient-enriched, and drained wetlands (DW), as well
as the boundary of agriculture [paddy fields converted from
wetlands, hereafter referred to as cultivated wetlands (CW)].
We hypothesized that agricultural intervention would weakly
alter nutrient concentrations in different organs of plants, but
nutrient stoichiometry would remain relatively constant.

Materials and methods

Study site

The study site is located downstream of the Tumen River
Basin (129◦52′00′′E–131◦18′30′′E, 42◦25′20′′N–43◦30′18′′N),
which is the boundary area of China, Russia, and North Korea.
This area is characterized by the temperate-zone monsoon
climate with mean annual precipitation of around 400–650 mm
and average temperature of 2◦C–6◦C (Zheng et al., 2017). In
this area, the wetlands are widely distributed and they include
marshes, riverine habitats, and lakeshore habitats and the
dominant plants include G. spiculosa, Carex appendiculata, and
Phragmites australis. Many wetlands have been converted into
paddy fields due to the growing population and food demand.
By the application of fertilizers and building of a drainage ditch
near natural wetlands, agricultural development has not only
resulted in the loss of wetlands but also altered their hydrology
and nutrient conditions (Zheng et al., 2017).

Field sampling and measurement

We conducted field investigations near Jintang village,
where natural wetlands have been converted into disturbed
wetlands and paddy fields. Four agricultural impacted wetlands
were selected (Figure 1): (1) a nutrient-rich wetland (NW),
which is adjacent to a paddy field, (2) a DW, which was drained
for agriculture in 2010 due to wetland protection policy, and
tillage is forbidden but the drainage ditch is still present; there
is no obvious surface runoff throughout the year in this wetland;
(3) a CW, which is an agricultural land (paddy field) and the
species G. spiculosa is distributed at the boundary of the field;
and (4) a reference wetland (RW), which is a natural wetland.
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FIGURE 1

Map of the wetland study sites downstream of the Tumen River. RW, reference wetlands; DW, drained wetlands; NW, nutrient-rich wetlands;
CW, cultivated wetlands.

Sampling was conducted in early August 2016. In reference,
nutrient-rich, and DW, samples were collected along two
transects at equidistant intervals. The length of the transects
depended on the diameters of the sites, and three sampling plots
were set on each transect, with six replicates for each type of
wetland. Soil samples and plants were collected from 1 m× 1 m
plots. The soil samples were combined into a composite sample;
for the plant samples, five replicates were randomly selected and
the plants were divided into leaves, stems, roots, and root hair,
and the same plant organ was combined as a composite plant
sample within each 1 m× 1 m plot. SinceG. spiculosa grows only
along the boundary of paddy fields, we randomly collected six
soil and plant samples along the paddy fields as described above.
Both soil and plant samples were frozen in ice and transported
for analysis to the laboratory of Yanbian University.

Following air-drying and grinding of soil samples, soil
samples (0.4 g) were digested with catalysts (1.8 g, potassium
sulfate: copper sulfate pentahydrate: selenium = 100:10:1) and
4 ml sulfuric acid (400◦C, 2–3 h) and the digests were diluted
with distilled water (100 ml) and measured using a continuous
flow analyzer (SAN + + , Skalar, Breda, Netherlands) (Wang
et al., 2019). The soil N and P were extracted by 2 M
potassium chloride and 0.5 M sodium bicarbonate (pH = 8),
respectively. The soil N and P concentrations in all extractions
were determined using a continuous flow analyzer (SAN + + ,
Skalar, Breda, Netherlands). The plant organs were oven-dried
at 65◦C for 48 h and subsequently ground to measure the N
and P concentrations. Subsamples of organ samples (0.1 g)

were digested with hydrogen peroxide and sulfuric acid. The
extracted solutions were used for the measurement of plant
N and P concentrations using a continuous flow analyzer
(SAN + + , Skalar, The Netherlands).

Statistical analysis

One-way analysis of variance (ANOVA) was used to test the
effects of the agricultural intervention on the N and P content
of the soil and plant, coupled with Duncan’s test for significance
(p < 0.05). Similarly, we compared the percentages of N and P
in each organ under different agricultural interventions. A linear
regression model was carried out to determine the effects of soil
N and P on plant organ N and P content values. All statistical
analyses were performed using R 4.1.2 (R Core Team, 2019).

Results

Soil properties between wetland types

The average soil total nitrogen (TN) content in the RW
was 4.05 mg/g, which was similar to the value in DW, but
was significantly lower than the value of 6.56 mg/g observed
in NW (p < 0.05, Figure 2A). The soil total phosphorus
content (TP) was similar between reference and DW, which
were both significantly lower than the average content values
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FIGURE 2

Effects of agricultural intervention on soil properties. (A) Soil total nitrogen (TN); (B) soil total phosphorus (TP); (C) soil available nitrogen (AN);
(D) soil available phosphorus (AP). RW, reference wetlands; DW, drained wetlands; NW, nutrient-rich wetlands; CW, cultivated wetlands. Error
bars represent ± SE. Different letters indicate significant differences (p < 0.05).

of 0.96 mg/g and 0.97 mg/g in nutrient-rich and cultivated
wetlands, respectively (p < 0.05, Figure 2B). The average
soil available nitrogen content was 28.07 mg/kg, with the
maximum value of 41.32 mg/kg recorded in NW and a
value of 30.07 mg/kg recorded in DW (Figure 2C). Similarly,
the soil available P in RW was 13.64 mg/kg, which was
significantly lower than the values in drained and NW (p< 0.05,
Figure 2D).

Nitrogen and phosphorus levels in
plant organs

In RW, N values in plant leaves, stems, roots, and root hair
averaged 12.19, 6.65, 5.41, and 4.87 mg/kg, respectively, and
were higher by 76, 61, 56, and 39% in NW, respectively (p< 0.05,
Figures 3A–D). While the average N content values of root and
root hair in DW were 9.07 and 7.12 mg/kg, these values were also
significantly higher than those in RW (p< 0.05, Figures 3A–D).

Plant leaves, stems, roots, and root hair in RW had average P
content values of 1.50, 1.05, 1.29, and 1.63 mg/kg, respectively.
The P content of plant roots in cultivated wetlands and plant
stems in DW differed significantly only from the values in RW
by 58 and 33%, respectively (p < 0.05, Figures 3E–H).

Nitrogen and phosphorus
stoichiometry in plant organs

The average leaf N:P ratio in RW was 8.12, while the
maximum value of 13.42 was observed in NW, followed
by similar ratios of 10.34 and 10.27 in cultivated and DW,
respectively (Figure 3I). In the DW, the average stem N:P
ratio was 6.02, similar to the average ratio of 6.41 in the RW,
while that in cultivated wetlands was significantly lower, but
was higher by 46% in the NW (p < 0.05, Figure 3J). The
root and root hair N:P ratio remained constant under different
intervention conditions (Figures 3K,L).
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FIGURE 3

Effects of agricultural intervention on N and P stoichiometry of plant tissues. (A–D) Plant tissue N content; (E–H) plant tissue P content; (I–L)
plant tissue N and P stoichiometry. RW, reference wetlands; DW, drained wetlands; NW, nutrient-rich wetlands; CW, cultivated wetlands. Error
bars represent ± SE. Different letters indicate significant differences between sites (p < 0.05).

The relationship between soil nutrients
and plant organ nitrogen or
phosphorus content

Soil available N and P positively influenced N content values
in plant root hair, roots, stems, and leaves, with the maximum
effects observed on leaf N, which showed the highest correlation
with leaf N (p < 0.05, Figures 4A–H). Soil available N and P
were found to positively influence root P content and had no
influence on the other organs (p < 0.05, Figures 4I–P).

Discussion

While the nutrient content of natural wetlands is
determined by groundwater and rainfall, chemical fertilizers

used during agricultural development possibly influenced
the nutrient composition (Craft and Richardson, 1993). The
nutrient loading not only enhances nutrient availability but also
facilitates the accumulation of nutrients (Li et al., 2019). The
findings of these studies are consistent with our results that
TN, TP, and available N and P in the wetlands which exchange
flow frequently with paddy (NW) were significantly higher than
that in natural wetlands (Figures 2A,B). Although the content
values of TN and TP in DW were similar to those in natural
wetlands, available P significantly increased (Figure 2D). This
is mainly because drainage increases soil oxygen availability,
potentially accelerating soil nutrient cycling and influencing
nutrient availability (Laiho et al., 1999). In cultivated wetlands,
TN decreased significantly, while TP increased significantly
(Figures 2A–D). Previously, it has been shown that changes
in soil physical factors, water conditions, and nutrient levels
contribute to N mineralization (Laiho et al., 1999; Raiesi, 2006;
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FIGURE 4

The relationship between soil nutrient availability on the N and P of plant tissues. (A–D) Soil available nitrogen (AN) and plant tissue N; (E–H) soil
available phosphorus (AP) and plant tissue P; (I–L) soil AP and plant tissue P; (M–P) soil AN and plant tissue P.

Wang et al., 2017). On the other hand, P cycling differs from
N cycling since it does not involve atmospheric recharge,
therefore soil P stocks are determined by P input and export
with the flow (Nesme et al., 2018). Furthermore, soil minerals
including Fe and Al oxidases have a strong adsorption capacity
for orthophosphate ions (Negassa and Leinweber, 2009), which
could possibly increase P retention in cultivated wetlands.

Plants often trade off nutrient allocation and environmental
changes for growth and reproduction (Zhang et al., 2021).
Our results showed that the N content values in plant leaves,
stems, roots, and root hair in NW were significantly higher
than those in the RW (Figures 3A–D). Interestingly, the N
content values in leaves, roots, and root hair were similar
to those in nutrient-rich and DW. This may be explained
by the complementarity of environmental elements (nutrients
vs. hydrology). Lower water levels reduce plant above- and
below-ground biomass and inhibit plant height, leaf area, and
root length (Bai et al., 2021). Declining biomass production
and accumulation increase the relative content values of

organ nutrients based on a fundamental trade-off in plant
functioning between the rapid production of biomass and
efficient conservation of nutrients (Garnier et al., 2001). In
DW, microbial biomass and activity increased the coupling of
nutrient mineralization. This is consistent with the findings
of Brown et al. (2017) that draining significantly increased
nitrification and P mineralization. In the cultivated wetlands,
the leaf N content was similar to that in the RW, but the N
content values in the stem, root, and root hair were significantly
lower (Figures 3A–D). N and P availability in the study wetlands
were lower than those in the RW (Figure 2), however, long-
term agricultural fertilizer application possibly compensates
for the plant’s nutrient requirements. Furthermore, long-term
cultivation also reduces soil organic matter, thereby affecting
plant nutrient uptake and utilization (Seiter and Horwath,
2004). Soil N and P availability showed strong positive effects
on plant organ N, especially on plant leaf N in this study
(Figures 4A–H). N is essential for photosynthetic C fixation and
biomass accumulation in plants (Staswick, 1994), and adding N
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increases plant nitrate concentration (Güsewell, 2004; Esmeijer-
Liu et al., 2009; Mao et al., 2014). The addition of P to plants also
improves their capacity to absorb dissolved organic nitrogen in
cold and nutrient-limited conditions (Feller et al., 2003; Mao
et al., 2016).

Phosphorus is the second most essential element after
nitrogen for the synthesis of nucleic acids and is a component of
the adenosine phosphates, which play a key role in the transfer
of energy (Elser et al., 1996). Despite different agricultural
interventions, P levels in leaves, stems, and root hair remained
similar (Figures 3E–H). The amount of root P in nutrient-rich
and DW was significantly higher than that in agricultural and
RW. As roots are the primary organs responsible for nutrient
storage, they may have a strong capacity to retain phosphorus.
In addition, our results showed a positive relationship between
N and P availability and root P concentration in plants
(Figures 4I–P). Plants have evolved a P economy when nutrient
availability is limited, and they conserve nutrients through the
resorption of nutrients from senescing to new leaves or storage
in the roots (Rejmánková and Snyder, 2008). Plant P resorption
efficiency can reach approximately 52% (Aerts, 1996; Huang
et al., 2021). On the other hand, plants can acquire P by
secreting hydrolytic enzymes such as phosphates, which could
promote organic P mineralization (Rejmánková and Snyder,
2008). Plants can also reduce phosphate secretion when soil P
availability increases (Olander and Vitousek, 2000).

N:P ratios reflect plant nutrient demand, which is a
critical indicator to determine population size, stability, and
organization (Koerselman and Meuleman, 1996). We found
that the responses of the N:P ratios in plant organs varied
significantly from roots to leaves (Figures 3I–L), which did
not support the hypothesis that agricultural disturbance may
have weak effects on the N:P ratios in plant organs. Both the
root and root hair showed little variation in the N:P ratio
under agricultural intervention, however, the N:P ratios of leaves
and stems were higher in NW than that in the other sites
(Figures 3I–L). Roots are important sources of energy storage,
so they typically maintain a constant variation ratio in their
functionality (Rejmánková and Snyder, 2008). Despite the fact
that the aboveground biomass is often reduced in DW, the
N:P ratio in the leaf is maintained to meet its photosynthesis
requirements for growth and reproduction (Staswick, 1994).
A mass N:P ratio of less than 14 or greater than 16 indicates
N or P limitation, respectively, and a value between 14 and 16
indicates N and P co-limitation (Koerselman and Meuleman,
1996). In this study, the N:P ratio was less than 14 in all wetlands,
indicating that N had a determinant effect on G. spiculosa, and
high nutrient levels also increased its requirement for nutrients.
Interestingly, cultivation and drainage had similar effects on
plant leaf N:P ratios, which were higher than those of the
RW (Figures 3I–L). These findings indicate that plants exhibit
high plasticity and subsequent self-regulation strategies under
agricultural disturbances (Weiner, 2004).

Overall, the results of this study show that agricultural
interventions significantly altered the N levels and nutrient
stoichiometry of G. spiculosa, particularly in the leaves. Soil N
and P availability co-influenced plant N levels, and G. spiculosa
showed relatively high plasticity in mediating its nutrient
stoichiometry in the plant organs under different agricultural
interventions. In addition, roots are the most important organs
for nutrient acquisition, storage, and transformation. Although
their nutrient levels fluctuate with soil nutrient levels, they
maintain a constant N to P ratio throughout, highlighting the
plasticity of the roots as well as the importance of nutrient
stoichiometry from root to leaf.
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Spatial distribution of soil iron
across different plant
communities along a
hydrological gradient in the
Yellow River Estuary wetland
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Yunfei Yang1, Jisong Yang1,2*, Zhikang Wang1, Di Zhou1,
Yunzhao Li1, Xuehong Wang1, Kai Ning2 and Junbao Yu1*
1The Institute for Advanced Study of Coastal Ecology, Ludong University, Yantai, China, 2Dongying
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Iron is an important element and its biogeochemical processes are vital

to the matter and energy cycles of wetland ecosystems. Hydrology greatly

controls characteristics of soil property and plant community in wetlands,

which can regulate the behavior of iron and its oxides. However, it remains

unclear how the spatial distribution of iron and its forms in estuarine wetlands

responses to hydrological conditions. Five typical plant communities along a

naturally hydrological gradient in the Yellow River Estuary wetland, including

Phragmites australis in freshwater marsh (FPA), Phragmites australis in salt

marsh (SPA), Tamarix chinensis in salt marsh (TC), Suaeda salsa in salt marsh

(SS) and Spartina alterniflora in salt marsh (SA), as sites to collect soil samples.

The total iron (FeT) and three iron oxides (complexed iron, Fep; amorphous

iron, Feo; free iron, Fed) in samples were determined to clarify the spatial

distribution of iron and explore its impact factors. The mean contents of

FeT, Fep, Feo and Fed were 28079.4, 152.0, 617.2 and 8285.3 mg·kg−1 of

soil at 0–40 cm depth in the different sites, respectively. The means were

significantly different across communities along the hydrological gradient,

with the higher values for SA on the upper intertidal zone and for SPA on the

lower intertidal zone, respectively. Iron and its forms were positively correlated

with the total organic carbon (TOC), dissolved organic carbon (DOC), total

nitrogen (TN) and clay, and negatively correlated with electrical conductivity

(EC). The indexes of iron oxides (Fep/Fed, Feo/Fed and Fed/FeT) were also

different across communities, with a higher value for SA, which were positively

correlated with soil water content (WC) and TOC. The results indicate that a

variety of plant community and soil property derived from the difference of

hydrology might result in a spatial heterogeneity of iron in estuarine wetlands.
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iron oxide, spatial distribution, community type, impact factor, estuarine wetland
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Introduction

Estuarine wetlands are located in the interaction between
water and land ecosystems (Jiang et al., 2006), which are
generated by the deposition of sediment carried by rivers into
the sea. They play a vital role in maintaining biodiversity,
protecting estuarine coastline and regulating climate (Barbier
et al., 2011; Jiang et al., 2020). Estuarine wetlands are also one
of the important carriers for biogeochemical processes of iron
(Fe), sulfur (S), carbon (C), nitrogen (N), phosphorus (P) and
so on (Telfeyan et al., 2017; Luo et al., 2019; Lu et al., 2020a).
As the fourth abundant element in the earth crust, iron is one
of the major redox materials in soil, which is widely distributed
in the forms of iron oxide (Weaver and Tarney, 1984). Iron
(hydr-)oxides, the main existing forms in soil, are a part of soil
colloid, which play an important role in the formation of soil
aggregates. The quantities of iron oxides reflect the process and
environment of soil-developing (Molina et al., 2001), regulating
the nutrient cycles in soil. The redox reaction of iron can affect
the decomposition of soil organic matter and the adsorption or
transformation of heavy metals in wetland soils (Fimmen et al.,
2008; Zhang et al., 2009). Thus, the oxidation/reduction of iron
is vital to matter and energy cycles of wetland ecosystems. It’s
necessary to better understand the importance of iron behaviors
for the biogeochemical processes of relevant elements.

Iron oxides in soil consist of the four forms: exchangeable
iron, complexed iron (Fep), amorphous iron (Feo), free iron
(Fed). Exchangeable iron oxide is abundant in acid soil, while the
content in alkaline and neutral soil is less than 1mg kg−1, which
is difficult to determine (Zhou and Shen, 2013). Fed has a high
activity of migration and transformation, and the percentage of
Fed in FeT is called the free degree of iron (Fed/FeT × 100%),
which can reflect the weathering degree of soil (He and Chen,
1983). Feo represents amorphous or weakly crystalline iron
oxides, which is one of the most easily utilized forms by plant.
As an electron acceptor for iron-reducing microorganisms, it
can promote the oxidative decomposition of organic matter
(Hori et al., 2010; Yu et al., 2021). The percentage of Feo in Fed
(activation degree: Feo/Fed × 100%) can determine the genesis
characteristics of soil, reflecting the influence of environment on
soil developing. Fep belongs to amorphous iron oxides, and its
formation process is important for iron ion migration in soil,
which is important for the soil fertility (He and Chen, 1983;
Tipping et al., 2002). The percentage of Fep in Fed (complexation
degree: Fep/Fed × 100%) is important for immobility of soil
organic matter. Compared with Fep and Fed, Feo has a large
specific surface area, high adsorption and low crystallinity,
which is easily utilized by iron-reducing microorganisms and
can be reduced quickly (Hyacinthe et al., 2006).

Iron and its oxides in wetland soils can be influenced
by biotic and abiotic factors, e.g., hydrological condition, soil
property, microbes and vegetation type (Kappler et al., 2004;
Zou et al., 2011; Karimian et al., 2018). The redox status in

wetland soil depends on hydrological condition, which regulates
the oxidation/reduction reaction of iron (Zhang and Furman,
2021). Under reduction conditions, iron exists as dissolved Fe2+

and has a strong mobility, while the protection of organic
matter can promote the stability of iron complexes; under
oxidation conditions, iron can exist as Fe3+ and is easily
formed to insoluble iron (hydr-)oxides, which would decrease
iron migration and transformation in sediments (Melton et al.,
2014; Jiang et al., 2019). The pH can affect the redox status,
microbial activity and soil adsorption capacity, regulating
the transformation and availability of iron in wetland soils
(Johnston et al., 2014; Ye et al., 2022). Soil organic matter
dynamics is closely related to the biogeochemical cycles of iron,
and the reduction rate of Fe(III) will be greatly improved in tidal
flat sediments rich in organic matter (Santos-Echeandia et al.,
2010; Lalonde et al., 2012). Soil salinity level determines the ionic
strength to some extends, which may affect the transformation
of iron oxides in salt marshes by regulating the turnover of soil
organic carbon and exchange capacity of cations (Williams et al.,
1994; Laing et al., 2007; Qu et al., 2018). Due to a high activity of
roots, rhizosphere as an important micro-zone in soil is different
from the surrounding soil in physical, chemical and biological
characteristics, consequently resulting in an acceleration of iron
cycles (Adejumo et al., 2018; Zhai et al., 2018).

The Yellow River Estuary wetland is the most complete,
broadest and youngest wetland ecosystem in the warm
temperate zone of China. There is a naturally hydrological
gradient from the riverside to the coast, where various plant
communities and soil properties develop on the different micro-
topographies. Thus, it is expected to be heterogeneous for
soil iron and its forms in the Yellow River Estuary wetland
(Zhang et al., 2017). However, it remains unclear how the
spatial distribution of iron and its forms in estuarine wetlands
responses to hydrological conditions. In the present study, we
selected five communities along a hydrological gradient in the
Yellow River Estuary wetland to clarify the spatial distribution
of iron and explore its impact factors. Our hypotheses are
1) there would be a significantly spatial heterogeneity of iron
and its oxides along a hydrological gradient, and 2) the iron
distribution could be related to soil property under different
hydrological conditions.

Materials and methods

Study area

The Yellow River Estuary wetland (37◦40′–38◦10′N,
118◦41′–119◦16′E) is located in the western bank of Bohai Sea.
It is an important migration transfer station and winter habitat
for birds. The wetland is a flat and wide marine sedimentary
plain. The soil is mainly meadow soil and salt marsh soil.
The area belongs a warm temperate continental monsoon
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and has the climatic characteristics of the same rain-heat
season and dry-cold season. The annual average temperature
is 12.1◦C, and the annual average precipitation is 552.6 mm,
most of which is concentrated in summer. The annual average
evapotranspiration is 1928.2 mm, which is more threefold
than the annual precipitation (Cui et al., 2009). The dominant
vegetation types are P. australis, T. chinensis, S. salsa, and
S. alterniflora, in which P. australis, S. salsa and S. alterniflora
are widely distributed.

Study sites and soil sampling

Along a naturally hydrological gradient from the northern
side of the Yellow River to the coast, five typical plant
communities were selected as sampling sites in turn (Figure 1),
including P. australis in freshwater marsh (FPA), P. australis
in salt marsh (SPA), T. chinensis in salt marsh (TC), S. salsa
in salt marsh (SS) and S. alterniflora in salt marsh (SA), with
three repeated samples in each site. The five sites have obviously
different hydrological conditions (Figure 2). FPA site is located
on the riverside of the supratidal zone and is almost unaffected
by tides, with sources of river water or/and rainfall and seasonal
flooding; SPA site is located on the upper edge of the intertidal
zone near the supratidal zone, with a similar hydrological
characteristic as FPA, but influenced by extreme tide events; TC
site is located on the upper intertidal zone and the surface is
occasionally flooded; SS and SA sites are on the middle intertidal
zone and the lower intertidal zone, respectively, and the surface
is periodic flooded.

In September 2020, soil samples at the depths of 0–
10, 10–20, 20–30, and 30–40 cm were collected from the
sites using a drill of stainless steel. The subsamples were
immediately sealed in an icebox filled N2 to determine iron
oxides. The other subsamples were dried in air to determine
soil physicochemical properties, including water content (WC),
pH, electrical conductivity (EC), total organic carbon (TOC),
dissolved organic carbon (DOC), total nitrogen (TN) and total
sulfur (TS). Soil properties were shown in Table 1.

Sample measurement

The contents of FeT in soil samples were determined
using a mothed of phenanthroline - spectrophotometry.
Briefly, 0.25 g of dried soil samples were placed in 30 mL
polytetrafluoroethylene crucibles and 2–3 drops of water were
added to wet samples, followed by addition of 4 mL hydrofluoric
acid, 5 mL nitric acid and 0.5 mL perchloric acid. The
samples were heated at 300◦C until perchlorate acid fumes
were thoroughly exhausted. The residues in the crucibles were
dissolved with 1 mL hydrochloric acid (1:1), moved into 50 mL
colorimetric tubes, colored for 2 h by phenanthroline reagents,

and determined the concentrations of FeT at 510 nm using the
spectrophotometry (TU-1810DS, China).

The Fep, Feo and Fed in the soils were continuously extracted
with alkaline sodium pyrophosphate, acid ammonium oxalate
and sodium dithionite - sodium citrate - sodium bicarbonate
(DCB), respectively (Weiss et al., 2004). Briefly, 1.0 g of wet
soil samples and 20 mL 0.1 M sodium pyrophosphate were
placed in 50 mL centrifuge tubes under the N2 condition. After
suspension solutions were shocked for 2 h and centrifugated
for 10 min, the supernatants were transferred into 50 mL
colorimetric tubes, added 5 drops of sulfuric acid (1:1) and 2
drops of 5% potassium permanganate, and kept for a night. The
residues were added 40 mL acid ammonium oxalate (0.14 M
oxalate acid and 0.2 M ammonium oxalate), shaken in dark for
4 h and centrifugated for 10 min, followed by extracting 5 mL
of supernatants. The residues were added 20 mL 1 M sodium
citrate and 2.5 mL 1 M sodium bicarbonate, heated for 15 min in
water bath at 80◦C, and oscillated with addition of 0.5 g sodium
hydrosulfite. Then, the suspension solutions were shocked for
2 h and centrifugated for 10 min again, and the supernatants of
5 mL were taken into 50 mL colorimetrical tubes. The extracted
solutions of Fep, Feo, and Fed were colored for 24, 12 and 2 h
by phenanthroline reagents, respectively, and determined iron
concentrations at 510 nm using spectrophotometry.

Iron is calculated as below:

FeT =
x× V × a

m
(1)

Fey =
xy × V × a× 1.43

m
(2)

Where FeT and Fey are content of iron and oxides in the soil
(mg·kg−1), x and xy are concentrations of iron and oxides in the
solution (mg·L−1), V is volume of the solution (L), a is dilution
multiple of the solution, m is weight of dried soil sample (kg)
and 1.43 is the coefficient of conversion.

The content of TOC was determined by high-temperature
external thermal potassium dichromate oxidation method. The
content of DOC was determined by TOC analyzer (Elementar,
Germany). The content of TN was determined by continuous
flow analyzer (Futura, France). The content of TS was
determined by magnesium nitrate oxidation - barium sulfate
turbidimetric method. Soil pH (water:soil = 5:1) was determined
by pH meter. Soil EC (water:soil = 5:1) was determined by
conductivity meter. Soil particle (clay: < 4 µm; silt: 4–63 µm;
sand: 64–2,000 µm) was determined by laser particle size
analyzer (Mastersizer 3000, England) after pretreatment with
hydrogen peroxide and hydrochloric acid.

Statistical analysis

General linear model (GLM) was used to test the effect of
community and soil depth on the contents of iron (p < 0.05).
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FIGURE 1

The sample sites (a) and plant communities (b) in the study area. FPA, P. australis in freshwater marsh; SPA, P. australis in salt marsh; TC, T.
chinensis in salt marsh; SS, S. salsa in salt marsh; SA, S. alterniflora in salt marsh.

FIGURE 2

Schematic diagram of the hydrological conditions for different plant communities.
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TABLE 1 Soil properties in the different communities.

Community type Soil
depth

EC
mS·cm−1

WC
%

pH TOC
g·kg−1

DOC
mg·kg−1

TN
g·kg−1

TS
mg·kg−1

Clay
%

FPA 0−10 cm 0.15± 0.021 40.38± 0.15 6.41± 0.12 3.54± 0.21 77.00± 24.00 0.32± 0.001 79.18± 2.91 5.92± 0.34

10−20 cm 0.14± 0.042 40.00± 1.21 6.60± 0.06 3.56± 0.13 116.15± 1.80 0.32± 0.006 91.54± 2.91 4.14± 0.17

20−30 cm 0.17± 0.007 28.17± 3.15 6.73± 0.17 3.96± 0.11 118.76± 27.70 0.32± 0.007 93.60± 2.91 5.03± 0.00

30−40 cm 0.22± 0.014 45.45± 3.01 6.73± 0.14 3.28± 0.07 181.41± 9.20 0.38± 0.143 212.05± 18.94 8.72± 0.56

SPA 0−10 cm 1.18± 0.050 25.93± 0.52 7.24± 0.23 10.41± 0.39 203.59± 7.30 0.44± 0.014 679.67± 77.20 13.66± 044

10−20 cm 1.30± 0.085 26.83± 0.63 7.60± 0.10 19.58± 0.29 366.73± 9.20 0.97± 0.004 527.23± 27.68 16.88± 1.08

20−30 cm 1.77± 0.021 48.48± 5.12 7.80± 0.01 7.53± 0.28 170.97± 9.20 0.30± 0.010 434.53± 13.11 13.29± 2.14

30−40 cm 2.00± 0.001 37.84± 0.78 7.88± 0.00 9.45± 0.39 198.37± 7.40 0.45± 0.133 429.38± 87.40 25.33± 2.35

TC 0−10 cm 9.67± 0.849 20.34± 1.11 7.80± 0.16 5.71± 0.04 160.53± 5.50 0.28± 0.001 853.74± 58.27 7.63± 0.27

10−20 cm 6.50± 0.092 27.91± 0.03 7.85± 0.15 5.02± 0.11 154.00± 11.10 0.29± 0.001 476.76± 34.96 6.12± 0.01

20−30 cm 3.48± 0.001 23.26± 0.18 7.77± 0.21 3.77± 0.11 113.54± 1.80 0.30± 0.001 405.69± 30.59 7.70± 0.57

30−40 cm 3.87± 0.001 31.37± 0.99 7.93± 0.26 5.17± 0.14 151.39± 7.40 0.29± 0.001 541.65± 85.94 12.63± 0.34

SS 0−10 cm 3.79± 0.247 36.96± 4.21 8.08± 0.01 4.78± 0.23 118.76± 5.50 0.34± 0.069 773.40± 40.79 14.71± 1.39

10−20 cm 2.22± 0.001 34.21± 0.89 8.42± 0.13 4.67± 0.34 130.51± 9.50 0.29± 0.002 485.00± 2.91 15.41± 0.99

20−30 cm 2.71± 0.021 30.43± 1.54 8.35± 0.13 4.15± 0.04 118.76± 16.60 0.29± 0.005 556.07± 85.94 17.29± 2.12

30−40 cm 3.78± 0.001 36.84± 1.99 8.28± 0.14 4.53± 0.25 134.42± 42.50 0.28± 0.002 720.87± 129.64 17.12± 0.75

SA 0−10 cm 2.99± 0.007 48.08± 0.68 8.40± 0.11 15.19± 0.14 191.85± 20.30 0.54± 0.272 794.00± 2.91 20.01± 0.01

10−20 cm 2.35± 0.113 39.47± 3.65 8.44± 0.00 14.01± 0.09 168.36± 1.80 0.36± 0.162 700.27± 18.94 17.56± 0.33

20−30 cm 3.47± 0.184 48.84± 3.10 8.28± 0.16 8.18± 0.10 151.39± 3.70 0.32± 0.004 671.43± 16.02 23.28± 3.01

30−40 cm 2.97± 0.587 51.28± 4.01 8.25± 0.06 9.83± 0.28 261.02± 7.40 0.31± 0.002 623.02± 34.96 19.64± 0.95

Differences across communities
(0–40 cm)

FPA a FPA ab FPA a FPA a FPA a FPA ab FPA a FPA a

SPA ab SPA bc SPA b SPA b SPA b SPA a SPA b SPA b

TC c TC c TC b TC a TC a TC b TC b TC a

SS b SS bc SS c SS a SS a SS b SS b SS b

SA b SA ad SA c SA b SA ab SA ab SA b SA b

p <0.001 0.008 <0.001 0.002 0.027 0.130 <0.001 <0.001

EC, electrical conductivity; WC, water content; TOC, total organic carbon; DOC, dissolved organic carbon; TN, total nitrogen; TS, total sulfur, respectively. The different lower case letters represent a significant difference (p < 0.05).
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FIGURE 3

Distribution characteristics of FeT (A), Fep (B), Feo (C) and Fed (D) in soils of different communities. FeT, total iron; Fep, complexed iron; Feo,
amorphous iron; Fed, free iron. Lower letters represent significant differences across depths of the same site (p < 0.05).

TABLE 2 Effects of community, soil depth as well as the interaction effects on iron based on general linear model (GLM) at α = 0.05.

Item df FeT Fe2+ Fep Feo Fed Fep/Fed Feo/Fed Fed/FeT

R2 0.99 0.99 0.99 0.99 0.99 0.99 0.98 0.93

Community type(CT) 4 F 1018.9 6882.1 1404.9 617.6 951.2 793.8 317.2 151.4

p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Soil depth(SD) 3 F 48.1 915.2 247.6 255.6 31.7 264.5 247.1 25.7

p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

CT× SD 12 F 32.4 331.1 75.7 121.8 16.4 52.8 92.0 7.1

p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Fep , complexed iron; Feo , amorphous iron; Fed , free iron; FeT , total iron, respectively.

The one-way ANOVA with LSD (p < 0.05) was used to test
the differences in the content of iron and soil depth among the
different community types. Origin 2019b was used to determine
correlations between the contents of iron and soil properties
(p < 0.05).

Results

Distribution characteristics of FeT in
the different communities

The mean contents of FeT in soils at 0–40 cm depth
across the different communities of FPA, SPA, TC, SS and SA
were 23212.0, 35926.4, 23113.4, 27682.3 and 30462.7 mg·kg−1,
respectively, with a higher value in SPA and a lower in TC

(Figure 3A). There was an increasing trend with soil depth in
FPA, a decreasing trend in SS and SA, and a higher value at
the 10–20 cm depth in SPA and TC. Overall, the FeT contents
were significantly different across the different communities
(p<0.001) and soil depths (p<0.001) (Table 2).

Distribution characteristics of iron
oxides in the different communities

The mean contents of Fep, Feo and Fed ranged from 37.2 to
563.9, from 277.1 to 1814.9 and from 4768.2 to 12986.2 mg·kg−1

in soils at 0–40 cm depth across the different communities,
respectively (Figures 3B–D). The values were higher in SA or
SPA and lower in TC. At the soil depth, the higher values of
Fep and Feo were determined in the upper soil layers (0–10 cm
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and 10–20 cm), and the higher value of Fed was determined in
the lower soil layers (30–40 cm). Overall, there were significant
differences across communities (p < 0.001) and soil depths
(p<0.001) (Table 2).

The complexation degree of iron oxide (Fep/Fed) in soils at
0–40 cm depth across the five communities were 1.3, 0.9, 1.2,
1.5, and 4.0%, respectively, with a higher value in SA and a
lower in SS (Figure 4A). The corresponding values for activity
degree of iron oxide (Feo/Fed) were 6.2, 7.0, 6.1, 4.5, and 11.8%,
respectively, with a higher value in SA and a lower in SPA
(Figure 4B). On the whole, the complexation degree and activity
degree of the upper soil layers was higher than that of the lower
soil layers. The free degree of iron oxide (Fed/FeT) were 32.9,
32.1, 23.9, 25.9, and 31.8%, respectively, with a higher value
in FPA and a lower in TC (Figure 4C), and the values were
higher in the lower soil layers than those in the upper soil layers.
Overall, there were significant differences across communities
(p < 0.001) and soil depths (p < 0.001) (Table 2).

Correlations between the contents of
iron and soil properties

The mean contents of pH, EC, TOC, DOC, TN, and TS of
soil at 0–40 cm depth were 7.74, 2.67 mS·cm−1, 7.48 g·kg−1,
167.38 mg·kg−1, 0.37 g·kg−1, and 273.66 mg·kg−1 in FPA,
SPA, TC, SS, and SA, respectively (Table 1). The values of
pH, EC, TOC, DOC and TS were significantly different across
communities (p < 0.05). The clay in soils accounted for 4.14–
25.33%, which were significantly different across communities
(p < 0.05).

FeT was positively correlated with TOC, DOC, TN, TS,
and clay (Figure 5); Fep was positively correlated with TOC,
WC and clay; Feo was positively correlated with TOC, TN, and
DOC; Fed was positively correlated with TOC, DOC, TN and
clay, and negatively correlated with EC. Overall, the contents
of iron and its oxides were closely related to organic carbon,
nitrogen and soil texture. Fep/Fed was positively correlated with
WC and TOC; Feo/Fed was positively correlated with TOC;
Fed/FeT was positively correlated with WC, and negatively
correlated with EC.

Discussion

Iron and its oxides in wetland soil would be different in
regions due to variously environmental and climate conditions
(Jiang et al., 2011). The contents of FeT in some wetland
soils have reported in the previous studies, e.g., 22018.5–
27551.9 mg·kg−1 in mangrove sediment of Manukau Harbour,
New Zealand (Bastakoti et al., 2019); 27780–29700 mg·kg−1

in Jiaozhou Bay coastal wetland, China (Yan et al., 2020);
approximately 13067.0 mg·kg−1 in Sanjiang Plain wetland,

FIGURE 4

Distribution characteristics of iron oxide complexation degree
(A), activity degree (B) and free degree (C) in soils of different
communities.

China (Huo et al., 2011). In the present study, the means
of FeT were 20732.3–39879.3 mg·kg−1 in the Yellow River
Estuary wetland soil, with a higher value compared with those
in other wetlands. The possible explanation is that the alluvial
deposition of sediment carried by the Yellow River leads to the
accumulation of abundant iron-bearing minerals in the delta. In
the last 70 years, the annual amount of sediment transported
from the Yellow River to the Bohai Sea is approximately
6.62 × 108 t (Wang et al., 2021a), and the mean concentration
of iron in suspended sediments is 41.3 mg·kg−1, approximately
accounting for 2.7× 104 t iron transported to sea annually (Yao
et al., 2015). Additionally, the Yellow River Delta is a new-born
wetland and soil has a lower degree of soil weathering (Fed/FeT :
20.2–34.3%), which can be beneficial to the enrichment of
mineral elements (Liu et al., 2019).

Frontiers in Ecology and Evolution 07 frontiersin.org

91

https://doi.org/10.3389/fevo.2022.979194
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-979194 August 4, 2022 Time: 16:1 # 8

Liu et al. 10.3389/fevo.2022.979194

FIGURE 5

Correlations between iron and factors in soils of different communities. EC, WC, TOC, DOC, TN, and TS represent electrical conductivity, water
content, total organic carbon, dissolved organic carbon, total nitrogen, total sulfur, respectively. * and ** represent a significant difference at the
level of 0.05 and 0.01, respectively.

The distribution of iron and its oxides in wetland soil are
controlled by biotic and abiotic factors, such as hydrologic
condition, soil properties, vegetation, microbial community and
so on (Hoang et al., 2018; Richir et al., 2020; Sui et al., 2021).
In the present study, there were significant differences in iron
and its oxides across communities. The contents of FeT , Feo,
and Fed were higher in SA and SPA, and Fep was higher in SA
(Figure 3), indicating that iron distribution can be controlled
by vegetation with different hydrologic conditions. Previous
studies demonstrated that hydrologic condition can regulate
processes of deposition and transformation in wetlands through
changing hydrodynamic and aerobic/anoxic conditions, which
would control the stability of organic matter and the immobility
of iron ions and oxides in soil (Calabrese and Porporato, 2019;
Calabrese et al., 2020). SA is on the lower intertidal zoon and
S. alterniflora is an invasive plant in the coastal wetland of

the Yellow River Estuary, with a total area of 4406.95 hm2 (Li
Y. R. et al., 2021). It develops quickly and has well developed
roots (Wan et al., 2014), which can reduce wave erosion and
increase sediment accumulation (Wang et al., 2022), resulting
in a high input and deposition of iron in the soil. FPA is on
the riverside where the sediment carried by floods of the Yellow
River deposits, leading to a large amount of iron accumulation.
SPA is on the edge of the intertidal zone near the supratidal
zone, and the hydrologic condition is only controlled by extreme
tide events and river floods, resulting in less frequent and depth
of flooding compared with other sites. Iron in soil of SPA
might be inclined to form iron (hydr-)oxides (e.g., α-FeOOH, α-
Fe2O3, γ-FeOOH and γ-Fe2O3) and aggravate the enrichment
of iron under the weakly anoxic or aerobic environment
(Rezapour et al., 2015). Furthermore, plant may be ascribed
to the distribution of iron because plant absorption and litter
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decomposition can affect iron migration and return into soil (Lu
et al., 2020b). The plants of S. alterniflora and P. australis have a
higher biomass (52.59–247.73 g·m−2 and 5.92–224.46 g·m−2)
(Xie et al., 2021), meaning more iron absorbed by plant and
returned into soil as litter decomposition (Costa et al., 2020). In
addition, the iron oxides in the rhizosphere can also be regulated
by oxygen transported through the plant stress-resistant tissues
(Li C. et al., 2021). The well ventilation tissue and root system
of S. alterniflora and P. australis can function as a great ability of
radial oxygen loss, which makes iron oxidized to form iron spots
in the rhizosphere (Zhang et al., 2019). The spots are mainly
composed of amorphous iron and crystalline iron oxides, which
can reduce the mobility of iron and promote the enrichment of
iron in wetland soil (Wang and Peverly, 1999).

Estuarine wetlands have a stronger carbon sequestration
capacity, which is critical for iron immobility and deposition
through iron oxides bound on organic carbon (Yu et al.,
2019). Dynamics of soil organic carbon is closely related to
biogeochemical cycles of iron in wetlands (Lalonde et al.,
2012; Wang et al., 2021b). In the present study, total iron
and its oxides in soil were positively correlated with TOC and
DOC (Figure 5), which is consistent to the results reported
by some studies in the estuarine wetlands and paddy field
(Wang et al., 2012; Sun et al., 2013; Huang et al., 2020).
Previous studies have shown that iron oxides can promote
the retention of organic carbon in soil through adsorption,
chelation or co-precipitation (Duan et al., 2020; Bai et al.,
2021). Weak crystalline and amorphous iron oxides have strong
adsorption capacity for organic matter, consequently composing
stable organic metal complexes (Rezapour et al., 2010). In the
study, the contents of Feo in SPA and SA were significantly
higher than those in the other vegetation types (Figure 3C),
which corresponded to higher values of TOC and DOC in
the sites. Additionally, microbial-mediated iron reduction can
significantly affect organic carbon mineralization and thus
carbon cycling (Hussain et al., 2019). In the process, organic
carbon can provide energy for iron-reducing bacteria, leading
to drive the reduction of Fe(III) and promote the migration of
iron ions (Lovley, 1997; Xiao et al., 2019).

The biogeochemical processes of iron in coastal wetland soil
can be coupled with nitrogen cycles through surface adsorption
of iron oxides and Fe(III) reduction (Zhao et al., 2019). In the
present study, Feo, Fed and FeT were positively correlated with
TN (Figure 5). In the Yellow River Estuary wetland, inorganic
nitrogen accounted for less than 20% of the total nitrogen (Mu
et al., 2012). Iron oxides can promote the stability of organic
nitrogen and inhibit the nitrogen mineralization by adsorbing
organic matter on the surface (Heng et al., 2010; Liu et al., 2020).
However, the microbial reduction of Fe(III) plays an important
regulation in the transformation nitrogen. Guan et al. (2018)
found that adding Fe(III) oxide has increased N2 production
of sediments in the mangrove wetland, suggesting that Fe(III)
reduction could promote anaerobic ammonia oxidation and

increase nitrogen loss. The result about the positive correlation
between iron oxides and TN in our study indicates that surface
adsorption of iron oxides but Fe(III) reduction may contribute
nitrogen fixation. Moreover, the biogeochemical processes of
iron are also closely related with sulfur cycles in coastal wetlands
(Burton et al., 2011). In the present study, we found that
FeT was significantly positively correlated with TS (Figure 5).
In the coastal wetlands, H2S can act as a reducing agent for
Fe(III) oxides in sulfide-rich environments (Johnston et al.,
2014; Sheng et al., 2015; Karimian et al., 2018), and sulfide
(S2−) reacts with Fe2+ to form FeS or FeS2 in the process of
sulfate reduction, which could promote iron immobility in the
sediment (Schoepfer et al., 2014; Hu et al., 2022). S. alterniflora
is on the lower tide zone with a higher sulfur content in
soil (Table 1), possibly ascribed to a higher content of iron
oxides due to more iron combining with sulfur to form pyrite.
However, FPA is in the freshwater environment with a lower
content of sulfur in soil, which may cause less iron combined
by sulfur, possibly resulting in more iron loss in the form of
dissolved Fe2+ and more iron oxides remained in soil.

Soil texture is one of the important factors affecting iron
forms, and especially clay can promote the enrichment of iron
(Finck, 2020). We found that the contents of soil clay in the
Yellow River Estuary wetland ranged from 4.14 to 25.33%
(Table 1), which were positively correlated with FeT , Fed and
Fep (Figure 5). Clay minerals can be wrapped by Fe/Al oxides
to form stable aggregate structure to improve water retention
capacity and physical quality of soil (AL-Shamare and Essa,
2021; Bai et al., 2021; Mendes et al., 2022). Moreover, clay
minerals can also be combined with soil organic matter to form
organic-inorganic complex, leading to a stronger immobility of
iron (Zhang et al., 2001; Angst et al., 2021). The salinity reflects
the ionic strength in soil and has an important impact on soil
properties and the distribution of iron and its oxides (Celik
et al., 2021; Ury et al., 2022). Previous studies showed that iron
from boreal rivers display a higher resistance toward salinity-
induced aggregation, e.g., iron (hydr-)oxides are selectively
removed by aggregation processes, and organic iron complexes
are less affected by increasing salinity (Herzog et al., 2019).
In the present study, iron contents were negatively correlated
with EC to some extents (Figure 5). Besides FPA, the other
four communities were influenced by tides in different intensity
(Figure 2), and the hydrologic conditions varied with the
depth and frequency of tidal flood. Therefore, soil EC in the
communities showed a great variety, which may contribute
the differentiation of iron oxides in soils. For example, the
soil surface in TC was always exposed and submerged only
at high tides, which leads to the salt accumulation in soil
due to an intense evaporation/transpiration. Consequently, the
iron oxides are relatively low under the action of salinity
aggregation. However, there was no obviously negative effect
of salinity on iron content in FPA, which indicated that the
distribution of iron and its oxides in the coastal wetland
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soils could be controlled by the interaction of factors. In
addition, salinity of coastal wetland soil has an important
effect on microbial community and activity by regulating soil
extracellular osmotic potential, which can directly or indirectly
regulate the transformation and bioavailability of iron (Richard
and Frances, 2001; Laing et al., 2007).

The values of Fed/FeT , Feo/Fed and Fep/Fed are important
indexes which can indicate the degree of soil weathering, which
is controlled by environmental conditions (He and Chen, 1983).
We found that all the three degrees were different across the
communities, with a higher value in the S. alterniflora and
P. australis communities (Figure 4 and Table 2), indicating a
well weathering for the soils. In the present study, the values
of Fed/FeT in different communities were negatively correlated
with EC and positively correlated with WC, which possibly
ascribed to the negatively effects of EC and the positively effects
of WC on iron oxides, respectively (Figure 5). The values
of Fep/Fed and Feo/Fed were positively correlated with TOC
(Figure 5). Organic matter is rich in fulvic acid which can
inhibit iron oxides deposition, and thus increases the activation
degree of iron oxides (Fan et al., 2016). Free iron oxides
are effective adsorbents for multivalence superoxide anions; of
them, amorphous iron has a higher affinity for multivalence
superoxide anions due to a large specific surface area and a
high reactivity of surface functional groups, which has a stronger
ability to combined soil organic matter (Zhao et al., 2018).
Moreover, free iron oxides are also an important mineral cement
in soil, and their decrease may lead to the deterioration of
soil structure and aggravate the degradation of soil (Duiker
et al., 2003; Zhang et al., 2016). Therefore, free iron oxides can
regulate carbon sequestration because they can be combined
with organic matter through adsorption/coprecipitation to form
a stable Fe-OC complex (Zhang et al., 2012; Zhao et al.,
2017). Given that hydrological conditions in the estuarine
wetlands would alter with climate change, the iron and its
forms could shift accordingly. The result suggests that the
carbon sequestration in estuarine wetlands could change with
hydrological alteration under climate change.

Conclusion

In the study, we found that iron and its forms in
estuarine wetland soils varied with communities along a
hydrological gradient. The contents of iron and its oxides
were higher in the S. alterniflora and P. australis (in the
salt marsh) communities, which was positively correlated
with soil organic carbon, nitrogen and clay, and negatively
correlated with salinity. The weathering indicators were
also different across plant communities with a higher free
degree in S. alterniflora and P. australis communities,
which was correlated with soil water content, organic
matter and salinity. The results indicate that iron and its

forms in estuarine wetland soils depends on hydrological
conditions, suggesting that high strength of hydrological
effects (e.g., frequency and depth of tides or floods) may
benefit the iron immobility. The results would be helpful to
understand the mechanisms of iron biogeochemistry and
explore the coupled cycles of iron with other elements in
estuarine wetlands.
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The ice cover in winter as a physical barrier and duration would

profoundly impact on changes in endogenous metal loading, migration, and

transformation. Although a gradual reduction in duration and occurrence of

lake ice cover in boreal lake ecosystems has been confirmed, little attention

to the ice-covered period is received compared to open water studies. In

this study, novel-developed diffusive gradients in thin films (DGT, ZrO-Chelex)

probes were deployed to obtain the in-situ and high-resolution information

on metals (Cu, Zn, Pb, Mn, Cd, Cr, and As) at the sediment-water interface

(SWI) in a seasonal ice-covered lake, Chagan Lake. In addition, “source-

sink” characteristics of each metal related to their endogenous release were

determined based on Fick’s first law. Concentrations of labile metals at the

SWI demonstrated significant spatial heterogeneity, peaking exactly below the

SWI. Compared with other similar studies, concentrations of Pb (0.55 µg/L),

Cr (0.58 µg/L), and As (2.4 µg/L) were a little higher even under-ice than that

in other freshwater rivers and lakes, indicating potential pollution due to the

agricultural intensification and petroleum extraction. The apparent diffusive

fluxes suggested that sediments acted as a sink for Pb (−0.01 mg m−2 day−

1), Cr (−2.37 mg m−2 day−1), and Cd (−0.1 mg m−2 day−1), diffusing from the

overlying water into the sediment, while Cu (0.12 mg m−2 day−1), Zn (0.75 mg

m−2 day−1), Mn (15.89 mg m−2 day−1), and As (2.12 mg m−2 day−1) as a

source from sediments into the overlying water. Dissolved oxygen was the

principal factor (79.5%, P = 0.032), determining the variation of the available

metals at the SWI. As the urgent need for research focused on under-ice

ecosystem dynamics, this study addressed the previously unknown behavior
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of the labile metals at the SWI and provided a unique perspective for the lake

management during the ice-cover periods when external nutrient input was

cut off.

KEYWORDS

Chagan Lake, in-situ high resolution, diffusive fluxes, winter, sediment-water
interface

Introduction

More than half of the world’s lakes (>50 million) are
periodically frozen, and partially or fully covered with ice
(Hampton et al., 2017). During the ice period, the ice
cover significantly impacts the concentrations, migration, and
transformation of metals due to the transportation differences
between ice and water, and the elimination of wave action,
which mixes the oxygen and contaminant (Ozersky et al.,
2021). Besides, when the aqueous solutions are frozen,
hydrophobic and hydrophilic compounds are known to become
spontaneously segregated at grain boundaries of ice during the
phase transition, leading to relatively higher concentrations of
ions and metals in the water beneath the ice (Heger et al., 2006).
Due to global warming, the duration and extent of lake ice
cover in winter are predicted to decrease in many temperate
lakes (Kamari et al., 2018). Therefore, it is vital to understand
the biogeochemical dynamics of nutrients and contaminants
underneath the ice (Hampton et al., 2017; Ozersky et al., 2021).

The accumulation of heavy metals in lake sediments poses
a severe risk to benthic and aquatic biota and ecosystem
function, ultimately, affecting human health through the food
chain (Gall et al., 2015; Green and Planchart, 2018). The
sediment-water interface (SWI) is one of the most important
interfaces in the critical zone, and the micro-reactions and
environmental changes of physical, chemical, and biological
reactions dominate with a complex impact on the state and
migration-transformation behavior of metals near the interface
(Harper et al., 1998; Gall et al., 2015; Fan, 2019). Almost all the
pollution and ecological problems are associated with aquatic
environments at the SWI (Fan, 2019). Traditional sediment
chemistry studies were mainly based on ex-situ measurements,
which cannot reflect the actual information on heavy metals’
physical and chemical characteristics (Ding et al., 2010; Ren
et al., 2015). It has been verified that the diffusive gradients
in thin films (DGT) is an ideal tool for the in situ evaluation
of metal bioavailability in sediments (Menegario et al., 2017).
Previous studies indicated that under anaerobic conditions, the
concentrations of liable metals by DGT perform considerable
apparent diffusion from sediment on the low dissolved oxygen
(DO) condition (Ren et al., 2015; Yuan et al., 2020). Their
surface binding characteristics with different solid phases
(i.e., Fe/Mn oxides and organic matter) and metal binding

regulation are influenced by the pH, redox potentials, and pore
water composition.

The Chagan Lake (CL) is the representative lake in the
cold regions of northeast China, which acts as an essential
ecological barrier against desertification (Bu et al., 2009; Liu
et al., 2021). Research suggests that aquacultural development
has dynamically increased the metal concentrations in the CL
(Xie, 2021). However, most studies on metals currently focus
on open water season, while studies in the ice-covered period
have often been neglected or assumed to be less important
(Hampton et al., 2017; Kamari et al., 2018). There is still a
significant research gap in the understanding and estimation of
stocks and fluxes of metals under ice cover. In this study, the
ZrO-Chelex DGT technique was employed for the first time to
obtain accurate information regarding the spatial distributions
of labile Cu, Zn, Pd, Mn, Cd, Cr, and As at the SWI of CL
during the ice-covered period. Due to redox conditions under
ice cover, we hypothesized that considerable concentrations and
release of labile metal would be found at the SWI due to redox
conditions under ice cover, even though the cold temperature
would significantly affect water quality in the following spring.
This study would provide a brand-new insight into the control
of internal metal loading during ice-covered periods when
external input was cut off.

Materials and methods

Study area and sampling collection

As the largest inland lake in Jilin Province, the CL is located
west of Songnen Plain, Northeast China. It covers an area of
372 km2, holding 5.98 × 108 m3 of water. The average and
maximum depths of the CL are 1.52 and 6 m. The CL is
located in a semi-arid and sub-humid region with a long-term
annual average temperature of 5.5◦C. The duration of the ice
cover is approximately 4 months, from late November to next
March. The CL plays a vital role in the regional economic
and cultural heritage and is well-known for winter fishing. The
CL receives the discharge from Daan and Qianguo irrigation
districts. Therefore, a substantial amount of N, P, and heavy
metals flow into the lake with irrigation discharge.
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An ice drill was used to prepare holes with a diameter
of 50 cm on the surface of the CL on December 20th, 2020,
when the winds over the lake were light. Six cores (Table 1)
with 20 cm overlying water were collected using a gravity corer
(ϕ90 mm × 500 mm) and then covered with a rubber plug
on both ends. Water temperature, DO, pH, conductivity, and
chlorophyll a were measured by a portable multi-probe (YSI
650 MDS, United States). The concentrations of DOC were
determined by Xpert-TOC/TN. Surface sediment samples were
collected using a grab sampler and then placed in acid-washed
plastic bags. Then the samples were transported carefully to the
laboratory and stored at−18◦C for further analysis.

Preparation of diffusive gradients in
thin films devices

The sediment cores were stabilized for 12 h to ensure
the equilibrium at the interface between the sediment and
the water. The DGT device involves a device consisting of
four components: a ZrO-Chelex binding gel, a diffusive gel, a
membrane filter, and a fixed shell (2.5 cm × 18 cm). The ZrO-
Chelex binding gel was prepared using the method described
by Xu D. et al. (2012). The diffusive gel was prepared from
polyacrylamide using the method published by Zhang and
Davison (2002). Specifically, the ZrO-Chelex binding gel is on
the top, and the diffusive gel is sandwiched between a Whatman
membrane filter with a pore size of 0.45 µm, and the three layers
were stacked on the base of the fixed shell. The assembled device
was immersed in a 0.01 mol L−1 NaCl solution, to which N2 was
added continuously for 16 h before use.

Application of the diffusive gradients in
thin films device

The ZrO-Chelex DGT devices would simultaneously
measure multiple labile cations and oxyanions, and were

provided by EasySensor Ltd (Nanjing, China)1 . During the
application, the ZrO-Chelex DGT device was slowly inserted
into the sediment cores for 72 h. Water temperature was
simultaneously measured three times at each site during the
deployment. The SWI was marked after being withdrawn and
then washed with deionized water to remove the sediment
particles. A ceramic cutter was then used to cut the binding gel at
2 mm intervals. The gel samples were transferred to a 1.5 mL PE
bottle with 1.8 mL 1 mol L−1 HNO3 for 24 h. Quality control
was ensured by analyzing duplicate samples with a precision
of three replicates of 15% (relative standard deviation). All the
concentrations of metals and solutions were analyzed using an
Agilent 7700 inductively coupled plasma mass spectrometer.

Statistical analysis

Determination of labile metal concentrations
The concentrations of (CDGT) of each metal (µg/L) are

calculated using:

CDGT =
M ×1g

D× A× T
(1)

where M is the amount of the target analyte accumulated in the
DGT device (µg); 1g is the total thickness of the diffusive gel
and the membrane filter (cm); D is the diffusion coefficient of
the target metal in the diffusive gel (cm2 s−1); A is the area of the
window of the DGT device (cm2); T is the time that the system
was allowed to stand still (s).

Estimation of the diffusive fluxes at the
sediment-water interface

The net exchange flux F of each metal at the SWI can be
estimated based on Fick’s first law:

F = Fs + Fw =

(
−φDs

∂cs

∂xs

)
+

(
−φDw

∂cw

∂xw

)
, (2)

1 http://www.easysensor.net

TABLE 1 Sampling site information.

Sites Latitude Longitude Air temperature ◦C Water temperature ◦C Wind speed m/s Ice
thickness

mm

Water
depth m

Max Min Max Min

CG1 45.117667 124.270637 −10.3 −10.5 1.9 0.8 − 469.5 1.6

CG2 45.225368 124.104844 −11.8 −12.1 2.4 2.1 3.06 465.65 0.6

CG3 45.176735 124.167416 −10.1 −11 2 1.3 3.42 453.89 2

CG4 45.143761 124.214428 −9 −9.4 1.8 0.9 4.65 470.5 1.9

CG5 45.1158841 124.214273 −7.8 −8.8 1.5 1.1 5.36 503.8 2.45

CG6 45.108007 124.138007 0.5 0.4 −8.1 −8.4 5.36 557.87 3.2

Frontiers in Ecology and Evolution 03 frontiersin.org

100

https://doi.org/10.3389/fevo.2022.956903
http://www.easysensor.net
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-956903 August 8, 2022 Time: 15:17 # 4

Yuan et al. 10.3389/fevo.2022.956903

where F is the diffusive flux at the SWI (mg m−2 day−1); Fs

is the diffusive flux from the sediment; Fw is the diffusive flux
from the overlying water; ∂cs/∂xs is the concentration gradient
in the sediment; ∂cw/∂xw is the concentration gradient in the
overlying water; x is the depth of the sediment (cm); c is the
ion concentration (mg L−1); Ds is the diffusion coefficient of
each metal in the sediment, which can be calculated based on
the molecular diffusion coefficient in water Dw and the surface
sediment porosity ϕ .

Data processing and analysis
In this study, the diffusive flux patterns were produced

using Microsoft Excel. SPSS Statistics 23.0 was used to analyze
variance (ANOVA) and independent-samples t-tests. RStudio
6.5 was used to analyze correlation analysis. In addition, the
RStudio 6.5 and Canoco 5 were used to perform redundancy
analysis (RDA) to determine the factors influencing the metal
profiles during the ice-covered period.

Results

Spatial profiles of labile metals during
the ice-covered period

The DOC of the CL under ice in winter ranged from 10.29
to 27.42 mg/L (mean: 13.23 ± 7.06 mg/ L); DO from 10.15
to 11.96 mg/ L (mean: 11.41 ± 0.67 mg/ L); ORP from 8.4 to
35.5 mV (mean: 27.55 ± 10.82 mV); Sal from 0.61 to 0.92 psu
(mean: 0.70 ± 0.11 psu); TDS from 797 to 1,178 mg/L (mean:
910.17 ± 138.76 mg/L); Turbidity from 853.54 to 1,307.04 FNU
(mean: 1,198.75 ± 177 FNU); and pH from 6.75 to 7.42 (mean:
6.96 ± 0.25). The mean values of DO and pH of CG2 were
slightly lower than other sites (Table 2).

Concentrations of liable Cu ranged from 0.0005 to
1.99 µg/L (mean: 0.18 µg/ L); Zn from 4.43 to 18.81 µg/L
(mean: 8.06 µg/L); Pb from 0.28 to 23.61 µg/L (mean:
0.55 µg/L); Cd from 0.06 to 0.29 µg/L (mean: 0.09 µg/L);
Cr from 0.11 to 16.18 µg/L (mean: 0.58 µg/L); and
As from 0.14 to 7.13 µg/L (mean: 2.4 µg/L). The Mn

concentration ranged from 0.46 to 72.51 µg/L, the highest
compared to the other metals (Figure 1). In the profile,
the concentrations of all metals initially increased and then
decreased with increasing depth peaking exactly below the
water-sediment interface. The concentrations of Mn and
Pb were considerably higher at site CG2 than at any
other sampling site.

There were significant differences between different
sampling sites in the concentrations of Mn (P < 0.001), Cu
(P < 0.001), Zn (P < 0.001), and Pb (P < 0.001) by ANONA
analysis, as well as insignificant differences between the
concentrations of Cd, Cr, and As at the SWI (from −20 mm to
20 mm) of CL during the ice-covered period.

Correlation analysis revealed that the CDGT value for labile
Cu was extremely significantly positively correlated with that of
labile Zn (R = 0.78, P < 0.001) and Pb (R = 0.75, P < 0.001;
Figure 2). The CDGT value for Zn was significantly positively
correlated with Pb (R = 0.77, P < 0.001). The CDGT for Mn was
significantly negatively correlated with Cu, Zn, and Pb values.
There were no significant correlations between the CDGT values
for Cr and As and that of any other metals (Figure 2).

FIGURE 1

RDA analysis of influencing factors of metals during the
ice-covered period.

TABLE 2 Physicochemical properties in Chagan Lake.

DOC (mg/L) DO (mg/L) ORP (mV) Sal (psu) TDS (mg/L) Turbidity (FNU) pH

CG1 27.42 11.92 25 0.72 932 1,292 6.98

CG2 11.7 10.15 35.5 0.92 1,178 853.54 6.75

CG3 10.92 11.96 33.8 0.64 836 1,307.04 6.81

CG4 8.073 11.27 24.9 0.61 797 1,289.03 7.02

CG5 10.95 11.58 8.4 0.68 875 1,164.3 7.42

CG6 10.29 11.59 37.7 0.65 843 1,286.61 6.77

Mean± sd 13.23± 7.06 11.41± 0.67 27.55± 10.82 0.70± 0.11 910.1± 138.7 1,198.7± 177 6.96± 0.25

DO, dissolved oxygen; DOC, dissolved organic carbon; ORP, oxidation-reduction potential; Sal, salinity; and TDS, total dissolved solids.
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FIGURE 2

Location of Chagan Lake and sampling sites.

The apparent fluxes of metals across
the sediment-water interface

The apparent diffusive fluxes of liable Cu ranged from−0.12
to 0.26 mg m−2 day−1 (mean: 0.12 mg m−2 day−1); Zn from
−4.53 to 6.76 mg m−2 day−1 (mean: 0.51 mg m−2 day−1);
Pb from −0.11 to 0.11 mg m−2 day−1 (mean: −0.01 mg m−2

day−1); Cd from−0.34 to 0.02 mg m−2 day−1 (mean:−0.10 mg
m−2 day−1); Cr from −18.51 to 3.85 mg m−2 day−1 (mean:
−2.37 mg m−2 day−1) and As from −3.47 to 5.14 mg m−2

day−1 (mean: 2.13 mg m−2 day−1; Figure 3). Concentrations of
liable Mn ranged from 0.32 to 50.1 mg m−2 day−1, the highest
among the other metals. Positive apparent diffusive fluxes were
observed at most sampling sites for Cu, Mn, and As, indicating
the upward movement from the sediment to the overlying
water. Negative apparent diffusive fluxes were observed at most
sampling sites for Zn, Pb, Cr, and Cd, with sediment as a sink.

The RDA analysis indicates that the DO explains 79.5%
(P = 0.032) of the variation in the whole profile, and the RDA1
axis explains 91.05% of the variation in the SWI (Figure 4).
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FIGURE 3

The vertical distributions of labile Cu, Zn, Pb, Mn, Cd, Cr, and As at the sediment-water interface during the ice-covered period of Chagan Lake.
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FIGURE 4

.Correlation analysis between metals at the sediment-water
interface of Chagan Lake during the ice-covered period.
**Represents P < 0.01, ***represents P < 0.001.

Discussion

Spatial profiles of labile metals during
the ice-covered period

The SWI is the boundary between the overlying water
column and sediments, and this zone is easily affected
by physical disturbance (e.g., temperature, currents caused
by resuspension), biological processes (e.g., bioturbation
generating mounds and trenches), and chemical process
(Wu et al., 2014, 2016; Fan, 2019). These processes affect
the migration and transformation of metals around the
SWI in complex ways (e.g., oxidation, reduction, adsorption,
desorption, and degradation; Voermans et al., 2017; Fan, 2019).
In this study, peak concentrations of labile metals also appeared
just below the SWI during the ice-covered period (Figure 5).
The vertical variation of labile metals on the sediment profiles
generally shows a decreasing trend with depth. Most metals in
the surface sediment were reported in an active or incompletely
degraded state, therefore they have a high tendency to
participate in the biogeochemical process at the SWI (Ren et al.,
2015; Wu et al., 2015; Liu et al., 2016). The behavior of labile
metals near the SWI is significant because the dynamic chemical
and biochemical processes occurring in surface sediment cause
major transformations in the speciation/mobility of metals due
to remobilization or sequestration from minerals/organisms
(Wu et al., 2014). These processes can result in an increase
in the CDGT values of the metals at the SWI. Moreover, the
biological and physical disturbances increase the sediment’s
porosity and resuspended sediment particles, consequently
inducing the release of contaminations from the sediment to

FIGURE 5

Diffusion fluxes of metals at the sediment-water interface during
the ice-covered period.

the pore water. This results in increases in the concentrations of
labile metals in the pore water at the SWI (Song et al., 2005; Fan,
2019). A substantially higher average concentration was found at
sampling site CG2 than at any other site (P < 0.001), indicating
notable spatial heterogeneity (Figure 5).

Few studies were reported on labile metals by DGT
technique during the ice-covered period in lakes in China, and
it is only possible to compare our findings with the former
research in Lake Xingkai (In press). Compared with the Lake
Xingkai Basin, the CL had a considerably higher concentration
of labile Cr (0.58 vs 0.06 µg/L), Pb (0.55 vs 0.26 µg/L), Cd (0.09
vs 0.04 µg/L), and As (2.4 vs 1.06 µg/L; Table 3). Different from
Lake Xingkai Basin, located far away in the border area, the CL
was extensively affected by human activity, such as petroleum
extraction, the use of pesticides and fertilizers, and famous
winter fishing, contributing to the accumulation of heavy metals
(Zhang et al., 2008; Xie et al., 2010). Besides, there were fewer
inflow rivers to the CL, thus intensifying the accumulation of
metals with low flow. A much lower concentration of labile Mn
(12.5 vs 366.27 µg/L) was found compared to the Lake Xingkai
basin but similar to the background value of soil in Jilin Province
(452.65 ppm), which might be caused by the diagenetic process
(Zhao et al., 1987). Compared with world average freshwater,
concentrations of most metals in CL were a little higher even
in a cold season, while much lower than in the developed warm
area (Lake Xuanwu), indicating potential pollution in the CL.

Similar to previous studies (Yuan et al., 2011, 2014), strong
correlations were found between Cu, Zn, and Pb concentrations,
while there was a significantly negative correlation between Mn
and Cu, Zn and Pb (Figure 2). This might cause by Mn oxides
in sediments mainly origin from natural geochemical processes
(Yuan et al., 2014; Maina et al., 2019). Besides, Mn/Fe oxides
have a strong capacity to adsorb metals due to the large specific
surface areas and regular porous structures (Xu L. et al., 2012;
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TABLE 3 The Cdgt of labile metals (µg/L) in Chagan Lake and other areas.

Cu Zn Pb Mn Cd Cr As References

Chagan Lake 0.18 8.06 0.55 12.5 0.09 0.58 2.4 This study

Lake Xiaoxingkai 0.05 8.91 0.26 366.27 0.04 0.04 1.64 Unpublished data

Lake Xingkai 0.11 10.83 0.26 302.9 0.04 0.06 1.06 Unpublished data

Sava River, Croatia 0.166 1.86 0.02 8.24 0.0016 0.033 Dragun et al., 2008

Xizhi River 2.03 31.12 1.55 Gao et al., 2021

Lake Xuanwu 1.32 4.43 l.47 0.68 0.3 5.87 5.85 Wang, 2018

Aha Lake 0.54 2.17 0.06 28.34 0.02 0.11 0.71 Fei et al., 2021

World average freshwater 2 10 0.2 5 0.07 0.5 2 Foerstner and Wittmann, 1980

Xia et al., 2020). Therefore, the reductive dissolution of iron
and manganese oxides would release labile metals (e.g., Cu,
Zn, and Pb), resulting in higher concentrations (Yuan et al.,
2011). Moreover, previous research has shown that Mn oxides
in sediment are essential oxidants for the degradation of OM
(Luo et al., 2000). The notable release of dissolved Mn at the
SWI of Aha Lake was a result of the participation of MnO2 in
OM degradation as an oxidant (Liu, 2019). The flux estimates
obtained in this study similarly revealed a marked release of
dissolved Mn at the SWI of CL. This may be an essential
factor leading to the significant negative correlations between
the concentration of Mn and Cu, Zn and Pb.

Source-sink characteristic of internal
metal loading under the ice

Lake sediment can function either as an internal metal load
or sink. Therefore, studies on the source-sink characteristics at
the SWI are becoming a hotspot (Templeton et al., 2000; Wang
et al., 2015). It is found that the diffusive fluxes of Zn, Pb, Cr,
and Cd were negative, suggesting that the sediment acted as
a sink for these metals. In contrast, the diffusive fluxes of Cu,
Mn, and As were positive, indicating sediments as a source.
During the initial stage of the ice-covered period in winter, the
DO concentration in the CL’s water was still relatively high, and
the SWI might still be in a continuously oxidative environment.
Under these conditions, as micro- and nanoparticles, Fe/Mn
oxides known for their high activity and large surface areas
were important geological adsorbents for metals such as Zn,
Pb, Cr, and Cd (Banks et al., 2012; Wang, 2018; Liu, 2019).
The OM-bound metals are another major form of these metals
in sediment (Zoumis et al., 2001; Fan et al., 2002, 2019). The
OM bound with metal degradation was to be reported released
into the overlying water. In lake sediment, sulfides, after sulfate
reduction, also have a strong ability to bind to metal ions. This
produces insoluble metal sulfides, one of the major forms of
metals in sediment (Burdige, 1993; Toro et al., 2002).

Biological disturbances resuspend sediment particles and
metal sulfides were exposed to water containing active aerobic

organisms (Caille et al., 2003). In the presence of sulfur-
oxidizing bacteria, metal sulfides were oxidized into sulfates,
releasing metals bound to the sulfides (Vera et al., 2013). The
oxidation of sulfides produces H+ and therefore reduces the pH
at the SWI (Miao et al., 2006). The relatively high DO content
and the low water pH of 6.75 during the ice-covered period
indicated a weak release of Cu and As.

Mechanisms behind the metal
distributions

DO was found as the primary factor (79.5%, P = 0.032)
affecting the vertical distribution of the labile metals at the SWI.
In sediments, metals combine with Fe/Mn oxides and sulfides,
forming insoluble oxidizable states. As the DO concentration
increased, the Fe (II) and Mn (II) released due to oxidation
rapidly form colloidal Fe and Mn oxides or hydroxides, which
have a strong ability to adsorb metal ions and are highly
susceptible to co-precipitating with metals. During the freezing
period, ice cover and continuous mineralization of organic
aggregates would lead to conditions of hypoxia and anoxia
at the SWI. This created favorable conditions for endogenous
metal release from bounded to Fe/Mn/S oxides into the pore
water (Toro et al., 2002; Shao et al., 2012; Xia et al., 2020).
Therefore, changes in DO concentration control the release and
precipitation of metals. Moreover, metals bound to OM were a
major form in sediments (Zoumis et al., 2001; Fan et al., 2002).
When OM bound to metals was degraded by microorganisms,
these metals were released into the water. As a principal factor
affecting microorganism-induced degradation (Canfield et al.,
1993), DO also substantially impacts the concentrations of
metals in the water. DO dynamics with a high spatiotemporal
resolution by planar optode should be obtained in further study.

Conclusion

Diffusive gradients in thin films technique was firstly
employed to acquire high-resolution millimeter-scale in situ
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information regarding the labile Cu, Zn, Pb, Mn, Cd, Cr, and As
at the SWI in the CL during the ice-covered period. The labile
metals at the SWI of CL displayed markedly different spatial and
vertical distribution patterns. Specifically, the concentration of
each metal peaked exactly below the interface. Based on Fick’s
first law, the diffusive fluxes revealed that the sediment acted
as a sink for Zn, Pb, Cr, and Cd, while a source for Cu, Mn,
and As in winter. Compared with other studies, Pb, Cr, and As
concentrations under-ice were even slightly higher, indicating
potentially ecological risk. In situ passive sampling techniques
could help inform potential ecological or human health risks
associated with metal contamination without disturbing aquatic
biota. DO was identified as the primary factor affecting the
vertical distribution of the labile metals at the SWI. It may be
worth considering actions to take into account redox processes
and control the O2 dynamics when management decision-
making during remediation planning. Our results quantified the
endogenous metal concentrations and diffusion fluxes across the
SWI during the ice-cover period, giving insight into lake water
quality management in temperate seasonal frozen lakes.
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Spatial distribution of soil quality
under di�erent vegetation types
in the Yellow River Delta wetland

Debin Sun1,2,3,4†, Yunzhao Li1,2†, Junbao Yu1,2*, Baoquan Li3*,

Bo Guan1,2, Di Zhou1,2, Xuehong Wang1,2, Jisong Yang1,2,

Yuanqing Ma5, Xin Zhang1,2, Xue Li1,2, Yue Ling1,2,

Yuhan Zou1,2, Shaoning Jia1,2 and Fa Shen1,2

1Key Laboratory of Ecological Restoration and Conservation of Coastal Wetlands in Universities of
Shandong (Ludong University), Yantai, China, 2The Institute for Advanced Study of Coastal Ecology,
Ludong University, Yantai, China, 3Yantai Institute of Coastal Zone Research, Chinese Academy of
Sciences, Yantai, China, 4University of Chinese Academy of Sciences, Beijing, China, 5Shandong
Marine Resources and Environment Research Institute, Yantai, China

The soils from four typical natural wetlands, namely, Phragmites australis,

Tamarix chinensis, Suaeda salsa, and tidal flat, as well as reclaimed wetland,

were selected to evaluate the soil quality in the Yellow River Delta. Fourteen

soil physicochemical property indexeswere employed to build aminimumdata

set (MDS). Combined with vegetation type and soil depth, the soil quality index

(SQI) was conducted. A fuzzy logic model was applied for data normalization.

The contrast test was conducted to verify the accuracy of the MDS. The results

showed that the MDS consists of TOC, NO−

3 -N, soil salinity, TS, TP, Mg, C/N

and pH. The soil quality decreased from the inland to the coastline and from

reclaimed wetland to tidal flat with the change of vegetation type. The soil

quality of 0–10cm soil depth was better than that of 20–30cm soil depth.

The soil qualities of reclaimed land were significantly better than those of

natural wetlands at the same soil depth. Correlation analysis results showed

that agricultural reclamation has become an important factor of soil quality

change in the study area. Comparative results of two methods of MDS and

the total data set (TDS) testified that the method of MDS was credible and

accurate for soil quality assessment of the study area. Our results indicated

that wetland protection and agricultural reclamation in coastal areas should

keep a rational balance.

KEYWORDS

soil quality, coastal wetland, vegetation type, the Yellow River Delta, minimum data

set

Introduction

As a natural ecotone between the marine ecosystem and the terrestrial ecosystem,

the coastal wetland is a vulnerable ecosystem with various ecological functions (Yu et al.,

2016). As the dominant substrate in coastal wetland ecosystems, soil plays an important

role in plant growth and system stability (Zhang et al., 2013; Huang and Yuan, 2021).
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Soil quality, which is sensitive to the dynamic change of soil

condition and soil management, can be used as a comprehensive

index to evaluate soil function (Chaer et al., 2009; Adebo

et al., 2020; Raiesi and Beheshti, 2022). To assess the effects

of heavy metals on water and soil, the concept of soil quality

was first put forward in the 1970’s (Sultana et al., 1970; Peters,

1973). Since then, the connotation of soil quality has been

continuously enriched (Shokr et al., 2021). Currently, due to

the concept covering a range of synthetical aspects, a widely

accepted definition has not been established. According to the

existing standpoints, three main elements for soil quality include

the abilities of maintaining ecosystem productivity, sustaining

environmental quality, and promoting biotic health (Wander

et al., 2002; Abdel-Fattah et al., 2021; Mazzon et al., 2021;

Rathore et al., 2022). Soil quality assessment is a decision-

making method for quantitative reflection of soil quality by

selecting suitable evaluation indexes in a certain area (Chen

et al., 2021; Yuan et al., 2022).

The accuracy of soil quality assessment is decided by the

method and index selection (Armenise et al., 2013; Wang

et al., 2018). A number of methods, such as soil quality

index (SQI) (Granatstein and Bezdicek, 1992; Andrews et al.,

2002, 2003), dynamic soil quality models (Karlen et al., 2003;

Nyeck et al., 2018; Fathizad et al., 2020), soil quality cards

and test kits (Purakayastha et al., 2019; Kasno, 2021), soil

management assessment framework (Cherubin et al., 2017;

Jimenez et al., 2022), and fuzzy association rules (Burrough,

1989; Burrough et al., 1992; Wu et al., 2019), have been applied

to assess soil quality in various ecosystems of the cropland,

forest, grassland, and wetland, etc. SQI has been widely used

in numerous ecosystems due to its simplicity, flexibility, and

applicability (Andrews et al., 2002; Wang et al., 2018). The

SQI includes three essential steps: (1) selecting appropriate

indexes to establish datasets; (2) normalizing the index data;

and (3) combining index scores to produce the comprehensive

SQI (Chaer et al., 2009; Zhang et al., 2016; Wang et al.,

2018). Normally, in order to make the assessment results

more comprehensive and accurate, a dataset needs to contain

abundant indexes, leading to a lot of redundant information

being contained in the total data set (TDS) (Wu et al., 2019;

Shao et al., 2020). Therefore, the Minimum Data Set (MDS)

needs to be established (Raiesi, 2017; Jiang et al., 2020; Guo

et al., 2021). The MDS contains a series of representative

indexes which are screened from TDS. The MDS is considered

a set of sensitive and comprehensive methods to remove

redundancy with less information loss (Wang et al., 2018).

Several studies showed that the assessment-based MDS was

better than TDS in cropland, forest, grassland, and coastal areas

(Rahmanipour et al., 2014; Volchko et al., 2014; Wu et al.,

2019). Themethods of multiple linear regression, factor analysis,

discriminant analysis, and scoring functions are employed for

index screening (Rezaei et al., 2006; Yao et al., 2013). Factor

analysis has been widely used in MDS as the method that can

efficiently reduce redundant information (Raiesi, 2017; Shao

et al., 2020).

The Yellow River Delta wetland is one of the largest nascent

coastal wetland ecosystems in the world (Yu et al., 2016). Due

to the serious erosion of soil and water in the middle reaches of

the Yellow River, a mass of sediment is carried to the estuary

from the Loess Plateau. The typical coastal wetlands in deltas

along the Pacific Coast are formed by sediment accumulation

over years (Yu et al., 2015; Ji et al., 2022). Phragmites australis,

Tamarix chinensis, and Suaeda salsa are dominant vegetation

types in the natural wetland of the Yellow River Delta (Jiao et al.,

2014). The tidal flat is widely distributed with low vegetation

coverage. Most communities are dominated by one plant species

with few concomitant species. The natural wetlands with a

simple structure, such as Phragmites australis, Tamarix chinensis,

Suaeda salsa, and tidal flat, which is the main body of shrub

wetland, herbaceous wetland, salt marsh, and tidal flat wetland,

are formed (Jiao et al., 2014; Chi et al., 2020). Influenced by land-

sea-river interaction, all types of natural wetlands are distributed

with a zonal sequence from land to sea (Cao et al., 2015).

In addition, a large area of cropland which is reclaimed from

natural wetlands over years covers this region (Yu et al., 2016).

Due to the biological characteristics of saline-alkali-tolerant,

Gossypium spp. has been widely planted and has become the

dominant crop type. The wetland reclamation could alter

vegetation type and soil physicochemical properties dramatically

(Jiao et al., 2019). Therefore, the spatial heterogeneity of soil

conditions in the Yellow River Delta wetland is influenced

by natural and human factors such as hydrological processes,

vegetation types, and land reclamation, which lead to a soil

quality with high complexity. At present, only a few references

related to the soil quality in the Yellow River Delta are found.

Zhang et al. (2016) evaluated the effects of flooding conditions

and seasonal variations on soil quality in natural wetlands in

five selected natural wetland types over three seasons (Zhang

et al., 2016). The results showed that soil salinity might be

a characteristic indicator of soil quality assessment in coastal

regions. Xia et al. (2019) studied the relationship between soil

quality and forest-grass composite patterns in this region using

the membership function method (Xia et al., 2019). Wu et al.

(2019) found that the soil quality was higher in inland areas

than in coastal areas by evaluating the soil quality of the crop

land (Wu et al., 2019). Employing the method of SQI, Zhao

et al. (2019) assessed the effects of freshwater inputs on soil

quality in natural wetlands (Zhao et al., 2019). Yang et al. (2021)

used principal component analysis to evaluate the effects of

different Tamarix chinensis-grass patterns on the soil quality of

coastal saline soil and found that certain community patterns

could significantly decrease the salt contents and increase

the available nutrient contents in the coastal saline-alkali soil

(Yang et al., 2021).

Several problems related to soil quality in the study region

still remain. Due to sampling sites and limited participating
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assessment indexes, the assessment results were insufficient

to reflect upon the distribution law and overall situation of

regional soil quality. There was no comparative study under a

unified assessment framework for the SQI of current studies

confined to natural wetlands or cropland. The impact of wetland

reclamation on soil quality in this region is not clear. Therefore,

the present study assessed the soil qualities under different

vegetation types of the natural wetland and reclaimed wetland

in the Yellow River Delta applying the MDS based on 14

soil property indexes. The purposes of the study were to (1)

reveal the spatial distribution characteristics of the soil quality

in the Yellow River Delta, (2) clarify the function of wetland

reclamation on soil quality change in a coastal wetland, and (3)

verify the suitability of an MDS on coastal wetland soil quality

assessment. The result could provide a scientific reference for

maintaining the ecological balance of wetland protection and

agricultural reclamation in coastal areas.

Materials and methods

Study area

The study was conducted in the Yellow River Delta (37◦34
′

-

38◦09
′

N, 118◦31
′

-119◦18
′

E) (Figure 1). The study area has a

warm-temperate and continental monsoon climate with distinct

seasons. The average annual temperature, precipitation, and

evaporation are 12.8◦C, 537.3mm, and 1,928.2mm, respectively

(He and Cui, 2015). The precipitation mainly concentrates

in summer and autumn. The main water supplement is

atmospheric precipitation, river, and tidal water. Due to the

interactive effects of land-sea-river, the soil conditions are

complex and changeable. Affected by tidal action and soil

evapotranspiration, Phragmites australis wetland (Pa), Tamarix

chinensis wetland (Tc), Suaeda salsa wetland (Ss), and tidal flat

wetland (Td) showed a regular ribbon distribution from land to

sea along different degrees of soil salinity (Figure 1). Reclaimed

wetlands (Cp), mainly distributed in the interior region of

deltas which are far from the sea, are mostly reclaimed from

natural wetlands.

Sample collection and analysis

The Landsat Thematic Mapper (TM) of 2018 digital images

(spatial resolution of 30 ×30m) were used to interpret the land

use and land cover in the study area. The land use classification

map of the Yellow River Delta was produced after calibration by

the field investigation. According to the grid distribution point

method, the sampling points were set up in four selected natural

wetlands, of Phragmites australiswetland (Pa) (40 sites),Tamarix

chinensis wetland (Tc) (18 sites), Suaeda salsa wetland (Ss) (19

sites) and tidal flat wetland (Td) (21 sites), as well as reclaimed

wetland (Cp) (20 sites), in mid-August 2019. A total of 118 soil

sampling sites were implemented with three parallel treatments

at each site (Figure 1). Soil samples of 0–10, 10–20, and 20–30 cm

in depth were collected from bottom to top in soil profiles by a

core sampler. Three duplicate soil samples were collected and

mixed homogeneity in situ after removing plant residues, roots,

and debris. The samples were air dried after removing plant

debris and stones. The air-dried soil samples were sieved with

a 0.149-mm diameter nylon sieve after grinding using a mortar

to determine soil properties.

Soil total organic carbon (TOC) was determined by TOC

Analyzer (vario TOC cube, Elementar, Germany) after inorganic

carbon was eliminated using 1M HCl. Soil total nitrogen (TN)

and total phosphorus (TP) were determined by a continuous

flow analyzer (Futura A16786, Alliance, France) after digestion

and filtration. Soil total sulfur (TS) was measured using the

barium sulfate turbidimetric method. Soil total (TK), Na, and

Mg were determined by atomic absorption spectrometer (iCE

3300 AAS, Thermo, America) after digestion and filtration.

Soil NH+

4 -N and NO−

3 -N in supernatant liquor, which were

filtrated by a 0.45-µm membrane, were determined by a

continuous flow analyzer after extraction with 2M KCl from

sieved dry soil samples. Soil pH (water: soil = 2.5:1) and

electrical conductivity (EC) (water: soil = 5:1) were determined

by a pH meter (FE28-Standard, Mettler Toledo, Switzerland)

and an electrical conductivity meter (FE38, Mettler Toledo,

Switzerland), respectively. The stoichiometric ratios of C/N, C/P,

and N/P were calculated as the ratio of the amount of TOC to

TN, TN to TP, and TN to TP, respectively.

Assessment of soil quality index

To calculate the SQI which can represent the comprehensive

characteristics of soil quality, the Minimum Data Set (MDS)

was screened by the principal component analysis (PCA) of the

total data set (TDS). The MDS was screened following these

five steps. (1) The results of correlations between different soil

property indexes and coefficient of variation (CV) incorporated

determine the necessity to screen indexes from TDS. (2) The

PCA was used to screen indexes for MDS. Only the components

with eigenvalues ≥1 were retained. The soil property indexes

with loading ≥0.5 in each component were divided into one

group. (3) The vector norm value (Equation 1) was employed

to reflect the influence degree of internal factors (i.e., 14 soil

properties) on soil quality. A large norm value indicates that

the index has a large comprehensive load on all principal

components. (4) The improvement methods by Pulido et al.

(2017) andWu et al. (2019) were referenced to select the external

factors. The soils under different vegetation types (i.e., Pa, Tc,

Ss, Td, and Cp) and soil depth (i.e., 0–10 cm, 10–20 cm, and 20–

30 cm) were selected as external factors in the study.Multivariate

analysis and normal linear transformation were used to reflect
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FIGURE 1

Map of study area and sample sites.

the influence degree of soil type and soil depth on soil quality.

The accumulated values of internal and external factors were

used to screen indexes of MDS. (5) The soil properties with

the highest accumulated value were screened for preliminary

indexes in each group. Soil properties within 90% of the highest

value were also selected. If the correlation value of any two

preliminary indexes were higher than 0.5 in one group, the

indicator with a higher value was screened for MDS (Zhang

et al., 2016). The weighting of each index was the proportion of

its accumulated value to the sum of total values in MDS.

Nik=

√

√

√

√

k
∑

i=1

(U2
ik · λk) (1)

where Nik is the comprehensive loading of soil property i in

the first k principal components with eigenvalues≥1, λk is

the eigenvalue of PCk, and Uik is the variable loading of soil

property. Nik of the indexes within 10% of the highest norm

values was selected for the MDS.

The indexes of MDS were normalized by fuzzy set

methodology to determine the membership degree. Fuzzy

function with a bell-shaped curve was used to calculate

the memberships of different indexes (Burrough, 1989;

Burrough et al., 1992). The method produced contiguous value

distribution of membership value and rejected low information

during the analysis process, which was much better than linear

transformation for membership calculation (Yang et al., 2021).

Three steps were operated in this method. (1) The suitable

range of each index in MDS was selected. In order to make

an analysis normalization, the 5–95% interval of the normal

distribution as the threshold value of each index was used in

this study. (2) The bell-shaped curve was employed as the fuzzy

logic membership function because the nutrient contents and

soil salinity were the predominant soil property indexes in the

study (Equation 2). (3) The fuzzy logic model was established

after the coefficients b and d of Equation 2 were calculated by

the suitable range of each index. If the index value is within the

suitable range, the membership value could be determined by

Equation 2. Otherwise, it could be chosen 0 or 1 based on the

effect of the index. Finally, the membership value and weighting

of each index were combined to generate the comprehensive

soil quality index (SQI) of each sample using Equation 3.

MFxi= [1/(1+{(xi− b)/d}2)] (2)

where MFxi is the individual membership value for ith soil index

of x (0≤MFxi≤1), d is the width of the transition zone, which is

the difference between the index values where the membership

values range from 0.5 to 1, and b is the value of soil index at the

ideal point or standard index where the membership value is 1.

SQI=

n
∑

i=1

Wi ·MFxi (3)

where SQI is the joint membership for all indexes withinMDS of

x (i.e., the comprehensive soil quality index), Wi is the weighting

of ith soil index in MDS, MFxi is the individual membership

value for ith soil index of x, and n is the number of the index

in MDS.
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Data analysis

IBM SPSS 24.0 was used for data analysis. The data

satisfied the homogeneity of variance and normal distribution

assumptions by Shapiro-Wilk’s and Levene’s tests (p > 0.05).

The mean value, standard deviation (SD), and CV of each

soil property were calculated, respectively. The differences were

tested by a one-way analysis of variance (one-way ANOVA)

with LSD (p < 0.05) and linear mixed effects models (p <

0.05). Pearson correlation analysis was performed to reveal

the relationships among soil indexes. The significant effects of

vegetation type and soil depth on soil properties were assessed by

multifactor analysis of variance (multi-way-ANOVA). ArcGIS

10.8 was used to test normal distribution, reject abnormal

values, select interpolation method, analyze trend effect, and

map spatial distribution. All datasets were projected to WGS84-

based Transverse Mercator orthographic projection coordinate

system. Space interpolation analyses of SQI were conducted

by the Empirical Bayes Kriging method (EBK). The spatial

distribution of the rivers, salt pan, culture pond, residence

zone, industrial, and mining district were eliminated from

interpolation ultimately. Origin 9.8 software was used to draw.

Results

Statistical analysis of soil properties

The averaged contents of soil TOC, TN, TP, TS, TK,

Mg, NH+

4 -N, and NO−

3 -N were 3.94, 0.36, 0.58, 0.86, 20.96,

13.54, 8.00, and 6.02 mg·kg−1 in study area, respectively

(Supplementary Table 1). The averaged values of C/N, C/P, and

N/P were 12.85, 17.29, and 1.37 by the substance amount.

In order to adequately analyze the soil quality of saline-alkali

soil, the soil Na, soil salinity (Sa), and pH were selected as

characteristic indexes in the study. The mean values of soil Na,

Sa, and pH in the study area were 16.97 g·kg−1, 5.82‰, and

8.33. The CV values of NO−

3 -N (198.17%), NH+

4 -N (77.44%),

Sa (60.26%), TN (56.10%), TOC (56.46%), N/P (50.51%), and

C/P (51.90%) were higher than 50%, illustrating that these soil

indexes have strong spatial variability. Except for TK and pH, the

other indexes showed moderate or above moderate variability

(CV >10%).

MDS establishment and normalization

The considerably significant correlations (p < 0.01) were

observed among 68.13% of soil indexes in TDS by Pearson

analysis (Table 1). Therefore, the redundancy existing in TDS

and an MDS should be established.

The cumulative variance of the first five components reached

80.70% (Supplementary Table 2), indicating that the first five T
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components could represent the principal characteristics of total

data. The communalities for soil properties showed that the first

five components could explain more than 90% of the variance of

TOC, TN, C/N, C/P, and N/P and more than 80% of TP, TK, and

Mg, which indicates that the most variances of soil properties

could be explained by principal components (Table 2).

Based on the screening regulations for MDS establishment

(The soil properties with loadings≥0.5 in each component were

divided into one group. If the loading of one soil property ≥0.5

was observed in more than one component, that should be

divided into one group in which the correlation of soil properties

was relatively low), five groups were established (Table 2): TOC,

TN, TK, Na, NH+

4 -N, C/P, and N/P were in group 1, TS, NO−

3 -

N, and Sa in group 2, Mg in group 3, C/N and pH in group 4,

and TP in group 5.

According to Equation 1, the norm value of each

index was calculated (Table 2). The adjusted coefficients of

all soil properties with soil type (R2
(St)

) and soil depth

(R2
(Sd)

) were calculated by multivariate analysis. Then, the

norm value, R2
(St),

and R2
(Sd)

of each soil property were

transformed by normal transformation. At last, the MDS

was established using accumulated values and the Pearson

analysis results (Table 1). The six indexes including TOC, TS,

NO−

3 -N, Sa, Mg, C/N, pH, and TP were grouped in MDS

ultimately (Table 2).

Indexes related to soil nutrient elements (i.e., TOC, TS,

NO−

3 -N, Mg, C/N, and TP) were considered as “more is better”

so that the asymmetric left variant of the bell-shaped curve

was employed, while the Sa and pH were considered as “less is

better” due to the characteristics of barren saline-alkali soil in the

study area so that the asymmetric right variant was employed.

The coefficients b and d were determined in Table 3. When the

index value is within the suitable range, the membership value

could be determined by Equation 2, and without the range, the

membership value could choose 0 or 1 based on the effect of

the index (Table 3). The membership values of each index were

calculated ultimately.

Weighting assessment and soil quality
calculation

The weighting of each index was the proportion of its

accumulated value to the sum of total values in MDS. The

weighting assessment results showed that TOC accounted for

the highest weight of 20.88% in the group of “more is better”

and that Sa accounted for the highest weight of 15.13% in the

group of “less is better” (Tables 2, 3).

According to Equation 3, the mean SQI values of the Yellow

River Delta under different vegetation types varied from 0.42

(Ss, 20–30 cm) to 0.70 (Cp, 0–10 cm) (Figure 2A). The mean

SQI values in natural wetlands followed the order of Pa (0.56) T
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TABLE 3 The optimal ranges of MDS indexes.

Index Suitable range b d Effect

TOC 1.35–9.03 9.03 5.53 More is better

TS 0.55–1.28 1.28 0.43 More is better

NO−

3 -N 1.15–32.34 32.34 30.02 More is better

Sa 1.28–12.21 1.28 4.25 Less is better

Mg 9.90–18.10 18.10 4.89 More is better

C/N 7.93–18.83 18.83 6.22 More is better

pH 7.67–9.06 7.67 0.61 Less is better

TP 0.48–0.71 0.71 0.14 More is better

> Tc (0.52) > Ss (0.47) and Td (0.47). The SQI value of

reclaimed wetland (0.64) was considerably higher than that of

natural wetlands (p < 0.05). The SQI values in soil profiles

showed a decreasing trend with a soil depth increase. The

SQI value of 0–10 cm soil layer of all the vegetation types

but Tc were significantly higher than those in 20–30 cm soil

layer (p < 0.05).

The influence degree of each index for SQI changed

with vegetation type by the analysis of contribution rate

(Figures 2B,C). In the study area, the greatest positive

contribution of SQI was TOC, followed TS and NO−

3 -N.

The contribution proportion of TOC was stable (about 20%)

among different vegetation types. The proportion of TS in

natural wetlands (11–22%) was more than the proportion

in the reclaimed wetlands (7%). The NO−

3 -N proportion in

natural wetlands (13–15%) was lower than the proportion in

the reclaimed wetlands (20%). The contribution proportion

of TP, Mg, and C/N was relatively low, and there was little

difference among different vegetation types except for C/N. The

contribution proportion of C/N in natural wetlands was about

1.4–1.8 times that of reclaimed wetlands. The negative effect

was mainly mediated by Sa. The tendency of Sa contribution

followed Pa (20%) > Tc (12%) > Ss (9%) and Td (9%) in natural

wetlands, and the proportion of reclaimed wetlands (21%) was

higher than those of natural wetlands. The contribution of TOC

decreased with the increase of soil depth, while the changing

trend of Sa was the opposite.

The multi-way-ANOVA results showed that SQI was

significantly correlated with vegetation type (p < 0.05)

and soil depth (p < 0.05) (Supplementary Table 3). A

significantly positive correlation was observed between

SQI and soil nutrient elements in a 0–30-cm soil layer of

natural wetlands (p < 0.05) and reclaimed wetlands (p <

0.05, Table 4). A significant negative correlation between

SQI with soil Sa and pH was observed in a 0–30-cm soil

layer of natural wetlands (p < 0.05), but this significant

correlation was not observed in the reclaimed wetlands

(p > 0.05).

The spatial distribution of SQI

The SQI values of 0–10 cm and 10–20 cm soil layer increased

and distributed in a ribbon shape from coastline to inland, while

the spatial change gradient of SQI values in a 20–30-cm soil

layer was not obvious (Figures 3A–C). The linear fitting analysis

results of SQI and the logarithmic function of the distance

on vertical distance from the coastline in each sampling point

showed that SQI increased with the increase of distance to the

coastline (Figures 3A–C). The slope of fitting equation followed

the order of 0–10 cm (0.07) > 10–20 cm (0.06) > 20–30 cm

(0.05), indicating the spatial heterogeneity of soil quality in

horizontal direction decreased with soil depth in 0–30 cm.

The highest SQI value of 0–30 cm soil layer is concentratedly

distributed in the central region of the delta where there was a

reclaimed area that is far away from the sea (Figure 4A). The

lowest SQI value is mainly distributed near the coastline of a Td

area. To be consistent with the vertical distance to the coastline,

the mean values of SQI in 0–30 cm followed: Cp > Pa > Tc > Ss

and Td (Figure 4B). The results indicated that the soil quality in

the study area decreased gradually from upper soil to lower soil

(0–30 cm), from inland to coastline, from reclaimed wetlands to

tidal flat.

The contrast test of SQIMDS and SQITDS

To test the accuracy of MDS for soil quality assessment in

the Yellow River Delta, we compared the SQI results of the MDS

(SQIMDS) with the total data set (SQITDS). There was a strong

linear relationship between SQIMDS values and SQITDS values

under different vegetation types and soil depth (Figure 5). The

coefficient of determination (r2) of linear regression in Pa, Tc,

Ss, Td, and Cp were 0.83, 0.79, 0.81, 0.79, and 0.86, respectively.

The r2 in 0–10 cm, 10–20 cm, and 20–30 cm were 0.81, 0.86, and

0.86, respectively. The results of the contrast test demonstrated

that the MDS with high accuracy and credibility was suitable for

assessing the soil quality of the Yellow River Delta.
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FIGURE 2

The SQI values in soil profiles under di�erent vegetation types (A) and the composition of SQI in natural wetland (B) and reclaimed wetland (C).
The vertical bar is standard deviation; di�erent lower letter denotes the significant di�erences among soil depth for the same vegetation type (p
< 0.05); di�erent upper letter denotes the significant di�erences among vegetation types in 0–30cm (p < 0.05).

Discussion

The main influencing factors of soil quality spatial

distribution in the study area were soil nutrients and soil salinity

(Table 2), which was the comprehensive results of soil formation

process, vegetation type, and anthropological activities. The soil

parent material of the Yellow River Delta was originated from

the Loess Plateau (Yu et al., 2016; Ji et al., 2022). A large amount

of sediment was carried by the Yellow River and deposited

in the estuarine area, and the typical estuarine delta wetlands

were formed over years by the accumulation of sediment (Zhao

et al., 2003; Yu et al., 2014). Along with the succession, tidal

flat, Suaeda salsa, Tamarix chinensis, and Phragmites australis

developed zonal with the distance from the sea (Figure 1).

And the soil qualities of natural wetlands were decided by soil

maturation degree (Liu et al., 2010; Guo et al., 2018). Previous

studies showed that the soil nutrient elements such as carbon,

nitrogen, phosphorus, and sulfur in the study area had obvious

spatial distribution differences (Lu et al., 2016), which were

affected by land cover and land formation age (Jiao et al., 2014;

Yu et al., 2016). The regulation of SQI that increased with the

increase of the distance to the coastline (ordered Cp > Pa >

Tc > Ss and Td) was observed in the study (Figure 3). Yu and

Wang found that soil salinity decreased from east to west in the

study area, i.e., the farther away the coastline, the lower the soil

salinity (Yu et al., 2014; Wang et al., 2017). Our results of SQI

spatial distribution regulation in natural wetlands were opposite

to those of soil salinity because Sa was one of the significant

negative factors for SQI of natural wetlands (Table 4). Under the

influence of tidal action, the spatial distribution of soil salinity

showed a ribbon shape with different distance ranges to the

coastline (Yu et al., 2014; Wang et al., 2017). Referring to the

map of land use classification (Figure 1) in natural wetlands, Pa

is mainly located along the Yellow River or in the supratidal
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TABLE 4 Pearson relations of SQI with the soil indexes in MDS.

SQI Soil depth TOC TP TS Mg NO−

3 -N C/N Sa pH

Natural wetland 0–10 cm 0.77** 0.50** 0.27** 0.60** 0.43** 0.17 −0.56** −0.46**

10–20 cm 0.76** 0.51** 0.25* 0.68** 0.43** 0.47** −0.46** −0.30**

20–30 cm 0.74** 0.16 0.18 0.71** 0.45** 0.28** −0.49** −0.31**

0–30 cm 0.76** 0.42** 0.29** 0.66** 0.47** 0.34** −0.47** −0.28**

Reclaimed wetland 0–10 cm 0.77** 0.53** 0.60** 0.86** 0.06 0.01 −0.05 −0.12

10–20 cm 0.89** 0.73** 0.86** 0.81** 0.35* 0.26 0.06 −0.08

20–30 cm 0.95** 0.20 0.85** 0.78** 0.48* 0.48* −0.23 −0.39*

0–30 cm 0.88** 0.54** 0.76** 0.75** 0.33* 0.31* 0.09 −0.13

* and ** denote the significant correlation at p < 0.05 and p < 0.01, respectively.

FIGURE 3

The spatial distribution of SQI in soil profiles of 0–10cm (A), 10–20cm (B) and 20–30cm (C) in the Yellow River Delta.

zone, Tc is mainly distributed in the supratidal zone and was

submerged by seawater at high tide, Ss and Td are distributed

in the intertidal zone, where were submerged by seawater

periodically. Various plant communities occupied different

ecological niches according to their adaptability for soil salinity-

alkali property. The multi-way ANOVA result showed that the

values of SQI were significantly correlated with vegetation type

and soil depth (p < 0.05) (Supplementary Table 3). The abilities

of soil nutrients absorption, utilization, fixation, and return of

plants (Jiao et al., 2014) led to the SQI of 0–10 cm soil layer

being significantly higher than 20–30 cm of soil layer (p < 0.05)

(Figures 2A, 3).

The crucial factor that changed soil quality in the study

area was human reclamation activities, which led the SQI of

reclaimed wetlands to be significantly higher than those of

natural wetlands (Figure 2) (p < 0.05). Similar results were

also found in the previous study (Zhang et al., 2015). Different

from most freshwater wetlands, the soil types in the study area

were mostly saline-alkali soil with low nutrients content and

poor original soil fertility (Verhoeven and Setter, 2010; Ouyang

et al., 2013; Xu et al., 2019). The soil salinity was reduced

greatly and quickly during cultivation under the measures of

drainage salinity and freshwater replenishment (Li et al., 2014;

Xiao et al., 2022). Meanwhile, the agricultural process could
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FIGURE 4

The mean SQI value of 0–30cm (A) and di�erent vegetation (B) in the Yellow River Delta.

FIGURE 5

The linear regression and determination coe�cient (r2) of SQIMDS and SQITDS under di�erent vegetation types (A) and soil depth (B).

help to loosen surface soil to alleviate the salt enrichment in

the topsoil layer (Cheng-Song et al., 2010). The soil TOC,

NO−

3 -N, and TP increased considerably because of a large

amount of fertilizer application in reclaimed wetlands under the

agricultural planting mode of high-input and high-yield (Jiao

et al., 2019; Wang et al., 2021). Therefore, on the one hand,

the reclamation of coastal wetland changed the distribution

characteristics of soil nutrients in the study area, which led

to the increase in soil fertility in the reclaimed wetland. On

the other hand, the process of reclamation could reduce soil

salinity and have an obvious improvement effect on saline-alkali

land. The above factors contributed to the significant difference

in the soil quality between natural wetlands and reclaimed

wetlands (p < 0.05). While high intensity fertilization may also
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lead to high soil nutrient residues and water eutrophication

and then lead to a series of ecological problems. This is also

an issue that needs further comprehensive consideration in

the future study. The anthropological activities in reclaimed

wetlands that resulted in the significantly negative correlation

between SQI with Sa and pH were not observed in reclaimed

wetlands, which was different with that in natural wetlands

(Table 4). These differences in SQI between reclaimed wetlands

and natural wetlands (Figure 4) indicated that agricultural

reclamation could alter natural influence and become an

important impact factor on soil quality in the coastal wetlands

to a great extent.

Moreover, to test the accuracy of MDS, SQITDS and

SQIMDS were compared in our study. The results showed

the coefficient of determination (r2) of linear regression in

Pa, Tc, Ss, Td, and Cp were 0.83, 0.79, 0.81, 0.79, and 0.86,

respectively (Figure 5A). Therefore, the method of MDS with

less data redundancy could replace SQITDS for soil quality

evaluation in the study area because it could well-explain the soil

quality characteristics.

Conclusion

An MDS based on 14 soil property indexes and a

fuzzy logic model were employed to execute soil quality

assessment in the Yellow River Delta. The contrast test

of TDS and MDS was conducted to test the accuracy of

SQI results. The results showed that (1) the soil quality

of the Yellow River Delta decreased from the inland to

the coastline with the change of vegetation type and from

topsoil layer to subsoil layer in each soil type; (2) the soil

qualities of reclaimed wetlands were significantly higher than

those of natural wetlands, indicating that the agricultural

reclamation could greatly alter natural influence and become

an important factor of soil quality to a great extent; and

(3) the method of MDS with less data redundancy could

well-explain the soil quality characteristics of the Yellow

River Delta.
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Steel slag substrate constructed wetlands (SSCWs) can effectively remove phosphorus
(P) from sewage through Ca-P precipitation and adsorption. Nonetheless, the
disadvantages of a high pH value of the effluent and low nitrogen (N) removal
efficiency limit the practical application of SSCWs. To improve these shortcomings,
plant cultivation and combining steel slag with other substrate materials have been
applied in SSCWs. However, related studies have not obtained a unanimous consensus
elucidating such improvements. To accurately evaluate improvements, we statistically
analyzed the experimental data reported in 27 related papers and found that combining
steel slag with other substrate materials in SSCWs significantly increased the removal
amount of total nitrogen (TN) (51.58 mg TN/L) and ammonium nitrogen (NH4

+-N)
(74.15 mg NH4

+-N/L) but reduced the removal amount of total phosphorus (TP)
(7.76 mg TP/L). In these combined substrate SSCWs, plant cultivation could
compensate for the decline in TP removal amount and improve upon the
simultaneous removal of N and P (6.02 mg TP/L, 62.18 mg TN/L, and 69.16 mg
NH4

+-N/L). Moreover, compared with vertical flow SSCWs, horizontal flow enables
plant-cultivated and combined substrate SSCWs to achieve a higher TP removal
capacity (6.38 mg TP/L). In addition, operational parameters, including temperature,
hydraulic retention time (HRT), pH value, and influent concentration, significantly
affected the N and P removal capacity of SSCWs. Our research results provide a
theoretical reference for the design and operation of SSCWs for efficient N and P
removal.
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INTRODUCTION

As early as the 1980s, research on the application of steel slag to
remove phosphorus (P) began (Yamada et al., 1986). The use of
steel slag, a by-product of the iron and steel industry, as a
substrate in constructed wetlands (CWs) to treat nitrogen (N)
and P in sewage (Park et al., 2016) provides broad prospects for
the recycling of steel slag waste. Steel slag substrate CWs (SSCWs)
remove pollutants through physical, chemical, and biological
processes mediated by substrate, plants, and microorganisms.
Among these components, the steel slag substrate plays a
particularly prominent role in P removal, and the main
mechanism is Ca-P precipitation and adsorption (Pratt et al.,
2007). On the one hand, CaO in steel slag is hydrolyzed to form
Ca-P precipitates with PO4

3− in sewage (Baker et al., 1998; Kim
et al., 2006). On the other hand, active sites such as metal oxide
and hydroxyl oxide (Mo (OH)) sites adsorb P onto the surface of
steel slag and gradually form hydroxyapatite (HAP) crystals
(Drizo et al., 2006; Chazarenc et al., 2007). In column
experiments of basic oxygen furnace steel slag, the PO4

3−

removal efficiency was higher than 99%, and the removal
capacity reached 3.1 mg P/g (Blanco et al., 2016). The TP
removal rate from urban sewage by vertical flow SSCWs can
reach 76% (Ge et al., 2016). Vertical and horizontal flow SSCWs
can be connected in series, and the total phosphorus (TP)
removal rate from construction sewage can reach 62% (Barca
et al., 2013).

However, the strong alkalinity of steel slag is not conducive to
plant growth and microbial survival, and it leads to a high pH of
the effluent, which is attributed to the low efficiency of N removal
by plants and microbes. Although ion exchange adsorption
between NH4

+ and metal ions (such as Al3+, Fe2+, and Mn4+)
in steel slag can remove some ammonium nitrogen (NH4

+-N)
(Xu et al., 2019), when compared with microbial nitrogen
removal, the nitrogen removed by adsorption is limited. This
makes simultaneously removing N and P efficiently in SSCWs
difficult. Combing steel slag with other materials, mixed or
layered filling, might address these difficulties by relieving the
strong alkalinity in SSCWs, whereas the reduced proportion of
steel slag in the substrate could decrease P removal (Shen et al.,
2020).

Due to the ability of plant roots to absorb N and P (Cui et al.,
2015; Yun et al., 2015; Yuan et al., 2017; Saeed et al., 2020), as well
as the active microbial metabolism of roots, plant cultivation in
combined substrate SSCWs might be an effective way to
compensate for the reduced P removal capacity of a combined
substrate. The plants cultivated in these SSCWs are mainly
common wetland plants, such as Vetiveria zizanioides, Canna
indica, Acorus calamus, and Phragmites australis, which
demonstrate high nutrient levels absorption rates and
tolerance to saline and alkaline conditions. However, the role
of plants in SSCWs has been controversial. Some studies showed
that the death and decay of plants under excessively alkaline
conditions can cause the release of P and reduce the removal
amount of P (Lu et al., 2021; Zheng et al., 2021). In addition, the
influence of operation parameters on the capacity of SSCWs to
remove N and P also lacks a summative general mechanism.

Based on these aspects, we systematically analyzed existing
research results on SSCWs to clarify the following questions:
1) Can vegetated SSCWs improve the capacity to simultaneously
remove N and P?, and 2) What is the general rule whereby
operation parameters affect the capacity to remove N and P?

DATA COLLECTION AND STATISTICAL
METHODS

Dataset Formation
In this study, a comprehensive literature search was conducted
to collect research data on SSCWs. The databases considered
mainly included the Web of Science, Scopus, and Springer
Link. The main keywords used included CWs, steel slag,
nitrogen removal and phosphorus removal. This search
contained almost all studies on SSCWs. These studies are
described in Section 3, and the results are summarized and
discussed. Next, not all articles could be employed for further
analysis because they were review articles, and certain articles
did not contain data on N and P removal amounts. By reading
the title, abstract, and text of the articles during screening,
27 articles (Huang and He, 2011; Wu et al., 2011; Xiong et al.,
2011; Barca et al., 2013; Shilton et al., 2013; Barca et al., 2014;
Ren et al., 2014; Shi et al., 2014; Cui et al., 2015; Ge et al., 2015;
Hussain et al., 2015; Yun et al., 2015; Zhang et al., 2015; Blanco
et al., 2016; Ge et al., 2016; Lu et al., 2016; Mohamed et al.,
2016; Ahmad et al., 2017; Shi P. et al., 2017; Park et al., 2017;
Yuan et al., 2017; Adera et al., 2018; Xu et al., 2019; Chen et al.,
2020; Hamdan et al., 2020; Saeed et al., 2020; Wan et al., 2020)
met our requirement and were finally selected for data analysis,
which provided a highly uniform dataset and reliable results.
Datasets of the substrate filling mode, plant cultivation, flow
direction of CW, steel slag particle size (SSPS), temperature
(T), hydraulic retention time (HRT), hydraulic loading rate
(HLR), pH value (pH), influent concentration (Cin), total
nitrogen (TN), NH4

+-N, and TP removal amounts (ΔC =
Cin − Cout) were extracted from these articles, and some
original data were modified.

Statistical Analysis
To reveal the influence of substrate filling mode, plant cultivation
and flow direction on TP, TN, and NH4

+-N removal, a single-
factor analysis of variance was carried out of the TP, TN, and
NH4

+-N removal amounts achieved by CWs with steel slag
substrate filling, layered steel slag and other substrate filling,
mixed steel slag and other substrate filling, non-planted and
planted CWs, and horizontal flow and vertical flow. Before
analysis, the sample data must conform to a normal
distribution, and the variance must be homogeneous.
Otherwise, the data were converted until the above conditions
were met, and variance analysis was subsequently performed. For
the sample data that still did not meet the above conditions after
conversion, a Kruskal–Wallis nonparametric analysis was
performed. For example, during the grouping of the substrate
filling modes, the NH4

+-N removal data still did not conform to a
normal distribution after conversion, so Kruskal–Wallis
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TABLE 1 | Summary of steel slag substrate constructed wetlands studies carried out at different areas with various experiment scale treatment of scale, sewage type, plant,
substrate, and removal rates.

Study Scale Sewage Type Plant Substrate Removal rates
(%)

Study Area

Baker et al.
(1998)

Batch Stock phosphate
solution

No plants 50 wt% silica sand, 45 wt%
limestone and 5 wt% BOF steel
slag

PO4
3--P: 99 Canada

Drizo et al.
(2006)

Batch Stock phosphate
solution

No plants 100 wt% EAF steel slag PO4
3--P: 100 Canada

79 wt% EAF steel slag and 21 wt
% limestone

PO4
3--P: 100

Kim et al.
(2006)

Batch Stock phosphate
solution

No plants Converter slag PO4
3--P: 70–98 South Korea

Huang and
He, (2011)

Laboratory Septic tank sewage Canna indica L 30 cm washed sand and soil
mixture, 30 cm limestone and
10 cm steel slag from the top to
the bottom

COD: 77 China
NH4

+-N: 85
PO4

3--P: 96

Wu et al.
(2011)

Laboratory Low concentration
domestic sewage

No plants Steel slag TP: 90.26 China
30 cm anthracite, 30 cm
vermiculite and 30 cm steel slag
from the top to the bottom

TP: 82.45

Xiong et al.
(2011)

Integrated
constructed
treatment system

Secondary effluents Vetiver
zizanioides (L.)
Nash

40 cm peat, 60 cm steel slag and
20 cm coarse sand from the top to
the bottom

COD: 61.36 China
TP: 76.58 (removal rates for
the vertical flow constructed
wetland)

Barca et al.
(2013)

Field experiments Municipal wastewater No plants EAF steel slag TP: 44.71 France
BOF steel slag TP: 58.82

Shilton et al.
(2013)

Mesocosm Real pond effluent No plants Steel slag TP: 90 New Zealand

Barca et al.
(2014)

Laboratory Synthetic solution No plants EAF steel slag TP: 98 France
BOF steel slag TP: 99

Shi et al.
(2014)

Microcosm Slightly polluted river
water

No plants 1:2 mixture of zeolite and steel slag COD: 57.55 China
NH4

+-N: 62.77
NO3

−-N: 34.79
TP: 96.31

Yun et al.
(2015)

Pilot Domestic wastewater
with a low phosphorus
concentration

Phragmites
australis

50 cm steel slag and 20 cm
coarse gravel from the top to the
bottom

TP: 84 China

50 cm modified steel slag and
20 cm coarse gravel from the top
to the bottom

TP: 88

Ge et al.
(2015)

Large scale
demonstration

Polluted river water Phragmites
australis

Steel slag and gravel COD: 73.5 China
TN: 23.2
TP: 53.5

Hussain et al.
(2015)

Pilot Septic tank sewage No plants 10 cm washed limestone gravel,
57 cm BOF steel slag and gravel
mixture and 10 cm basal sand
from the top to the bottom

PO4
3--P: 98.6–99.8 Canada

Ren et al.
(2014)

Laboratory Synthetic wastewater No plants 2.5 cm zeolite, 2.5 cm steel slag
and 2.5 cm gravel from the top to
the bottom

COD: 75.90 China
NH4

+-N: 68.39
TN: 45.16
TP: 74.55

Zhang et al.
(2015)

Laboratory Secondary effluent from
a municipal sewage
treatment plant

Phragmites
australis

10 cm cobble and rice husk,
25 cm steel slag and 20 cm
limestone from the top to the
bottom

COD: 66–83 China
NH4

+-N: 100
TN: 100; TP: 81–90
(removal rates for the two-
stage vertical flow
constructed wetland)

Blanco et al.
(2016)

Batch Stock phosphate
solution

No plants BOF steel slag PO4
3--P: 84–99 Spain

Lu et al.
(2016)

Mesocosm Rural household
sewage

Aquatic plants Soil, steel slag, gravel stone from
the top to the bottom

COD: 79.7 China
NH4

+-N: 80.0
TN: 74.4
TP: 83.5

Mohamed
et al. (2016)

Pilot Household graywater No plants 12.7 cm clamshells, 12.7 cm steel
slag and limestone mixture and

COD: 74 Malaysia

(Continued on following page)
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nonparametric analysis was performed. Then, samples with
insufficient data were finally removed.

Next, the Pearson correlation coefficient is widely adopted to
measure the degree of correlation between two variables. This
value varies between –1 and 1. A negative value suggests a
negative correlation, and a positive value indicates a positive
correlation. To quantify the relationship between the TP, TN, and
NH4

+-N removal amounts and SSPS, T, HRT, HLR, pH, and Cin,
a Pearson correlation coefficient matrix was established. In
addition, to describe the interaction between the TP, TN, and
NH4

+-N removal amounts and the abovementioned operation
parameters, redundancy analysis (RDA) was conducted.

To quantitatively describe the relationship between the TP,
TN, and NH4

+-N removal amounts and the operation
parameters, a regression analysis method was applied. In a
multiple linear regression model, the dependent variable is a
linear function of the independent variables Xi, as follows:

Y � a + b1X1 + b2X2 + ... + bnXn (1)
where Y is the predicted value of the dependent variable, and X1,
X2, ... Xn are the independent variables. The dependent variables
included the TP, TN, and NH4

+-N removal amounts ΔC = Cin −

Cout (mg/L), and the independent variables were the SSPS (mm),
T (°C), HRT (d), HLR (m/d), pH, and Cin (mg/L). All variables
inserted in the model were considered significant at p < 0.05.

We employed SPSS 26 software (IBM,United States) for variance
analysis, the Kruskal–Wallis test for nonparametric analysis, and set
the condition for statistical significance at p < 0.05. An RDA was
conducted by Canoco 5. Also, R 4.0.3 was used for illustrations.

EVALUATION OF STEEL SLAG SUBSTRATE
CONSTRUCTED WETLANDS

Applications of Steel Slag Substrate
Constructed Wetlands
In the initial application stage, SSCWs stuffed with single steel
slag as substrate were used to remove P from sewage with
different P concentrations. Following that, SSCWs with a
combined and modified substrate were used to
comprehensively improve the quality of septic tank sewage
(Huang and He, 2011; Hussain et al., 2015), domestic sewage
(Wu et al., 2011; Yun et al., 2015; Mohamed et al., 2016; Hamdan
et al., 2020), urban sewage (Barca et al., 2013), pond sewage

TABLE 1 | (Continued) Summary of steel slag substrate constructed wetlands studies carried out at different areas with various experiment scale treatment of scale, sewage
type, plant, substrate, and removal rates.

Study Scale Sewage Type Plant Substrate Removal rates
(%)

Study Area

12.7 cm sand from the top to the
bottom

Ge et al.
(2016)

Laboratory Polluted urban river
water

Phragmites
australis

BOF steel slag TP: 76 China

Park et al.
(2017)

Microcosm Hydroponic wastewater Iris
pseudoacorus

Rapid cooled BOF steel slag (RC-
BOFS)

PO4
3--P: 94.2 South Korea

75% coarse sand and 25% RC-
BOFS

PO4
3--P: 89.3

Shi et al.
(2017a)

Microcosm Synthetic wastewater No plants 20 cm zeolites and 10 cm steel
slag from the top to the bottom

TP: 80–90 China

Yuan et al.
(2017)

Pilot Domestic and
agricultural
wastewaters

No plants 50 wt% coarse sand, 30 wt%
pebble aggregate, 10 wt% TiO2

processing residue, 4 wt% wood
chip, 3 wt% blast furnace slag,
3 wt% blast furnace slag

TN: 55 China
TP: 81

Ahmad et al.
(2017)

Laboratory Synthetic wastewater No plants High calcium EAF steel slag PO4
3--P: 76–98 Malaysia

Adera et al.
(2018)

Mesocosm Dairy farm wastewater No plants EAF steel slag DRP: 99 United States of
America

Chen et al.
(2020)

Pilot Wastewater treatment
plant secondary effluent

No plants Ceramsite and steel slag COD: 81.3 China
TN: 31.3
TP: 85.0

Xu et al.
(2019)

Mesocosm Simulated wastewater Acorus calamus 10 cm sand and 30 cm Ti-bearing
blast furnace slag from the top to
the bottom

NH4
+-N: 77.54 China

TN: 71.07
TP: 98.00

10 cm sand and 30 cm converter
steelmaking slag from the top to
the bottom

NH4
+-N: 59.23

TN: 53.02
TP: 96.00

Hamdan
et al. (2020)

Pilot Domestic wastewater No plants Steel slag NH4
+-N: 91 Malaysia

Saeed et al.
(2020)

Mesocosm Leachate Vetiver 5 cm stone,1 m steel slag, 1 m
concrete block and 5 cm stone
from the top to the bottom

COD: 40.4 Bangladesh
NH4

+-N: 91.3
TN: 30.3
TP: 91.6
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(Shilton et al., 2013), secondary effluent of sewage treatment
plants (Xiong et al., 2011; Zhang et al., 2015; Chen et al., 2020),
polluted river waters (Shi et al., 2014; Ge et al., 2015; Ge et al.,
2016), hydroponic sewage (Park et al., 2017), agricultural sewage
(Lu et al., 2016; Yuan et al., 2017), dairy farm sewage (Adera et al.,
2018), leachate (Saeed et al., 2020), and other sewage. Besides,
SSCWs demonstrate high P recovery potential. Table 1
summarizes the latest crucial scientific research on SSCWs,
most of which were carried out on the scale of batch
experiments (Baker et al., 1998; Kim et al., 2006; Blanco et al.,
2016) in laboratories (Huang and He, 2011; Wu et al., 2011; Barca
et al., 2014; Ren et al., 2014; Zhang et al., 2015; Ge et al., 2016;
Ahmad et al., 2017). Some of the studies were conducted on a
pilot scale (Hussain et al., 2015; Yun et al., 2015; Mohamed et al.,
2016; Yuan et al., 2017; Chen et al., 2020; Hamdan et al., 2020),
nothing in which full-scale field applications are not yet available.

Steel slag substrates stuffed in SSCWs mainly include BOF
steel slag (Baker et al., 1998; Hussain et al., 2015; Blanco et al.,
2016; Ge et al., 2016), electric arc furnace (EAF) steel slag (Drizo
et al., 2006; Barca et al., 2013; Barca et al., 2014; Adera et al., 2018),
andmodified steel slag (Ahmad et al., 2017; Park et al., 2017). Due

to the addition of limestone in the steelmaking process, BOF steel
slag contains high concentrations of CaO and exhibits high P
removal capacity (Barca et al., 2013). Therefore, in some studies,
when BOF slag is rapidly cooled, the content of unstable
crystalline-free CaO and the alkalinity of SSCWs will be
significantly reduced (Park et al., 2016). Regarding P removal
capacity, BOF steel slag performs better than EAF steel slag.
However, with a low pH value and many adsorption sites, the
latter can remove P not only by precipitation but also by
adsorption (Ge et al., 2016).

Subsurface SSCWs are most widely used according to the flow
direction and are divided into unsaturated vertical flow (Huang
and He, 2011; Wu et al., 2011; Xiong et al., 2011; Shilton et al.,
2013; Ren et al., 2014; Shi et al., 2014; Cui et al., 2015; Hussain
et al., 2015; Zhang et al., 2015; Blanco et al., 2016; Ge et al., 2016;
Lu et al., 2016; Mohamed et al., 2016; Ahmad et al., 2017; Yuan
et al., 2017; Adera et al., 2018; Hamdan et al., 2020; Saeed et al.,
2020) and saturated horizontal flow (Barca et al., 2013; Barca
et al., 2014; Ren et al., 2014; Cui et al., 2015; Ge et al., 2015; Park
et al., 2017; Yuan et al., 2017; Adera et al., 2018; Xu et al., 2019;
Chen et al., 2020) SSCWs. Next, vertical flow SSCWs require only

FIGURE 1 | Influence of the substrate filling mode on pollutant removal by steel slag substrate constructed wetlands (SSCWs). (A) total phosphorus (TP) (B) total
nitrogen (TN) (C) ammonium nitrogen (NH4

+-N) (the pictures are all original data plots, and data conversion is performed during data analysis).
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a small amount of ground to operate but provide appropriate
contact time and anaerobic time between water and substrate to
ensure a better nitrogen and phosphorus removal performance
(Yun et al., 2015). The intermittent water inflow and aeration
condition (Shi X. et al., 2017) can promote the nitrification
process and P transformation process. Like vertical flow
SSCWs, horizontal flow SSCWs also demonstrate enough
contact time to remove P in the sewage, but they require a
larger amount of ground. Besides, CO2 interference is avoided
for saturated operation, and little CaCO3 blockage is generated in
the horizontal flow SSCWs. In addition, the alkalinity of effluent
can be neutralized by spraying CO2 on the effluent. With low cost
and minimal technical requirements, horizontal flow SSCWs
exhibit enough contact time to remove P in the sewage. No air
entering CO2 avoids interference, and almost no CaCO3 will be
generated, thereby reducing the blockage (Ren et al., 2014).
However, in the light of the alkalinity of the effluent, the
pH value of the sewage can be neutralized by spraying CO2 in
later stages (Park et al., 2017).

In addition, contentious issues exist regarding the pollutant
removal efficiency of SSCWs. For example, one study proposed
that EAF steel slag would release P when removing low P
concentration sewage (Drizo et al., 2006) and believed that
steel slag was not suitable for removing low P concentration
sewage, which is in contrast to the results of other studies.
Moreover, contradictions are found on the issue of whether
the main P removal mechanism is adsorption or precipitation
(Barca et al., 2014; Ge et al., 2016). In fact, the acid–base condition
determines the main mechanism of P removal. Under alkaline
conditions, precipitation, depending on the content of CaO in the
substrate, is the main removal mechanism; thus, P can be quickly
removed. In contrast, under acidic conditions, P is removed
mainly by adsorption, and the removal process is slow and
lasting (Ahmad et al., 2017; Xu et al., 2019). Moreover, HRT
is a significant factor influencing removal efficiency. Too short
HRT would result in incomplete removal of N and P, while a
longer than the optimal time would lead to an unstable release of
adsorbed P (Shilton et al., 2013), limited microbial growth, and

FIGURE 2 | Influence of plant cultivation on pollutant removal in SSCWs. (A) TP (B) TN (C) NH4
+-N (the pictures are all original data plots, and data conversion is

performed during data analysis).
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increased pH value of effluent. In recent years, some studies
focused on the issue of whether other pollutants in the sewage
would influence P removal efficiency. On the one hand,
researchers revealed that organic acids and organic colloids
can block active surface sites of substrates and reduce P
adsorption. On the other hand, some laboratory experiments
showed that the inhibitory effect mentioned above can be
mitigated over time, and eventually, P adsorption can be
promoted, such as in iron oxide compounds, cations, and
algae (Barca et al., 2013; Ge et al., 2016).

Significant Influence of the Substrate Filling
Mode on the Nitrogen and Phosphorus
Removal Capacity
The substrate filling method imposed a significant influence on
the removal of TP (p = 0.001), TN (p = 0.002), and NH4

+-N (p =
0.009) (Figure 1). The degree of TP removal in SSCWs with
different filling modes was ordered as follows: single steel slag
substrate filling (14.95 mg TP/L) > layered combined substrate
filling (7.19 mg TP/L) > mixed combined substrate filling
(1.95 mg TP/L) (Figure 1A). The main reason why the TP
removal amount of combined substrate filling is significantly
lower than that of single steel slag filling is that in a limited-
volume CW, the introduction of other substrates can reduce the
steel slag amount, resulting in a decrease in the P removal amount
during the adsorption and co-precipitation process. The main
reason why the TP removal amount of mixed combined substrate
filling is significantly lower than that of layered combined
substrate filling is that mixed combined substrates can cause
the steel slag surface to be partially covered, thus reducing the
number of adsorption sites, or they can impede the release of
calcium ions (Shi X. et al., 2017).

Next, the pH of SSCWs filled with single steel slag can reach as
high as 12.4 (Gomes et al., 2018), which is not conducive to plant

growth and microbial survival. These systems lack plant root
adsorption and microbial metabolic activities and only achieve a
small amount of physical adsorption. Compared to single steel
slag, a combined substrate composed of steel slag and other
substrate materials improved N removal due to the relatively
suitable environment for microorganisms and plants (Shen et al.,
2020). The TN removal of SSCWs with different combined
substrate filling modes was as follows: layered combined
substrate filling (14.75 mg TN/L) > mixed combined substrate
filling (4.38 mg TN/L) (Figure 1B). The NH4

+-N removal of
SSCWs with different substrate filling modes was as follows:
layered combined substrate filling (87.59 mg NH4

+-N/L) > single
steel slag substrate filling (40.46 mg NH4

+-N/L) > mixed
combined substrate filling (13.44 mg NH4

+-N/L) (Figure 1C).
These results indicate that the different substrate filling modes
exert a profound impact on the removal amounts of N and P, and
layered combined substrate SSCWs exhibit a better N removal
capacity. Compared to layered combined substrate filling, mixed
combined substrate filling causes other substrate materials to
cover the adsorption sites of the steel slag substrate, thereby
reducing the adsorption capacity of the steel slag substrate (Shi P.
et al., 2017). Moreover, in the layered combined SSCWs, plants
are usually cultivated in the non-steel slag materials layer with a
milder acid–base condition (Cui et al., 2015; Yuan et al., 2017;
Zheng et al., 2021), which better promotes the de-N effect of
plants and microorganisms (Lan et al., 2018).

Plant Cultivation can Improve the
Simultaneous Nitrogen and Phosphorus
Removal Capacity of Steel Slag Substrate
Constructed Wetlands
The strong alkalinity of single steel slag is not conducive to plant
survival, so plants are usually cultivated in the combined substrate
SSCWs. Plant cultivation in SSCWs significantly increased the
removal amounts of TP by 6.02 mg TP/L (p = 0.026), TN by
62.18 mg TN/L (p = 0.000), and NH4

+-N by 69.16 mg NH4
+-N/L

(p = 0.000) (Figure 2), indicating plant cultivation can improve
the simultaneous N and P removal capacity of SSCWs. The
adsorption of P by plant roots helps to remove P. However,
the high pH can lead to plant death and the release of P through
decaying plants (Lu et al., 2021; Zheng et al., 2021); thus,
generating two opposing views on whether plant cultivation
can improve the simultaneous removal of N and P. Our
results suggest that the P adsorbed by plant roots offsets the P
released by plant death. In this way, plant cultivation can enable
the SSCWs to simultaneously remove N and P with high
efficiency.

Horizontal Flow (Vs. Vertical Flow) Steel
Slag Substrate Constructed Wetlands Have
a Higher Removal Capacity of P
The average TP removal amount in horizontal flow SSCWs was
6.38 mg TP/L larger than that in vertical flow SSCWs (Figure 3).
In SSCWs, Ca-P deposits cover the surface of steel slag, resulting
in decreased P removal. The phenomenon is more serious in

FIGURE 3 | TP removal in horizontal and vertical flow SSCWs with plant
cultivation (the pictures are all original data plots, and data conversion is
performed during data analysis).
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vertical SSCWs due to the frequent intermittent vertical flow
transporting the deposits to the deeper substrates, then reducing
the P adsorption. In contrast, the water flow remains horizontal
and stable in horizontal flow SSCWs, enabling the sewage to be in
full contact with steel slag, thus resulting in increased removal of
P. In addition, strictly controlling the hydraulic residence time is
necessary to reduce the pH while ensuring pollutant removal in
horizontal flow SSCWs.

Operation Parameters of Steel Slag
Substrate ConstructedWetlands Affected N
and P Removal Capacity
The TP removal amount of SSCWs was positively correlated with
the HRT (r = 0.643; p = 0.000), pH (r = 0.430; p = 0.010), and Cin

(r = 0.997; p = 0.000) (Figure 4A). With increasing HRT, the
contact time between steel slag and sewage increased, consequently
increasing the reaction time, thereby improving the TP removal
amount. However, an excessively long HRT could increase the
pH value of the effluent. In practical applications, the HRT should
be reasonably controlled. Alkaline conditions are conducive to
forming Ca-P, while acidic conditions are conducive to forming Fe-

P andAl-P, each less stable than Ca-P. In addition, excessively high
alkalinity could lead to the release of P (Shen et al., 2020).
Considering the sewage discharge standards in most countries
(pH 6–9), the pH of the effluent should be stabilized below 9. The
positive correlation between TP removal and Cin suggests that in
most experiments, steel slag can release enough Ca2+ to form
precipitation with the high concentration of PO4

3– in sewage.
The TN removal amount was positively correlated with T (r =

0.943; p = 0.005), HRT (r = 0.689; p = 0.004) and Cin (r = 0.887; p =
0.000) (Figure 4B). The NH4

+-N removal amount was positively
correlated with the HRT (r = 0.624; p = 0.004), pH (r = 0.573; p =
0.005) and Cin (r = 0.914; p = 0.000) (Figure 4C). With increasing
temperature, the nitrification–denitrification rate was improved,
and the TN removal amount increased.

Among these operation parameters, Cin was the most
important factor influencing N and P removal amount (p =
0.002) (Figure 5), followed by HRT (p = 0.002), and then, T
(p = 0.004) and pH (p = 0.008) decreased sequentially and
positively correlated with N and P removal amount.

In addition, based on regression analysis, we quantitatively
described the relationships between the TP, TN, NH4

+-N removal
amount and the operation parameters in SSCWs.

FIGURE 4 | Pearson correlation analysis scatter plot and fitting line of the pollutant removal amount and experimental parameters. The error range of the
experimental parameters with p < 0.05 is shown in figure. (A) TP (B) TN (C) NH4

+-N.
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Eqs 2–4 described the above relationships in non-plant
cultivation SSCWs.

ΔCTP � − 0.017 SSPS + 0.998 Cin

(r2 � 0.995; n � 57; p � 0.000; F � 1511.000)
(2)

ΔCTN � 0.540 Cin

(r2 � 0.800; n � 19; p � 0.000; F � 8.021)
(3)

ΔCNH4
+−N � − 221.562 + 1.112 SSPS + 3.832 T + 16.121 pH + 0.866 Cin

(r2 � 0.983; n � 31; p � 0.000; F � 235.000)

(4)
where ΔC = Cin − Cout denotes the TP, TN, and NH4

+-N removal
amounts (mg/L); Cin and Cout are the influent and effluent
concentrations (mg/L), respectively; SSPS is the steel slag
particle size (mm); T is the temperature (°C); and pH denotes
the acidity or alkalinity.

Eqs 5–7 described the above relationships in plant cultivation
SSCWs:

ΔCTP � 8.681 − 0.287 T + 0.963 Cin

(r2 � 0.999; n � 27; p � 0.000; F � 2506.000)
(5)

ΔCTN � − 391.380 + 56.980 pH + 0.226 Cin

(r2 � 0.695; n � 27; p � 0.000; F � 7.585)
(6)

ΔCNH4
+−N � − 174.065 + 3.912 T + 0.871 Cin

(r2 � 0.983; n � 27; p � 0.000; F � 190.400)
(7)

where ΔC = Cin − Cout denotes the TP, TN, and NH4
+-N removal

amounts (mg/L); Cin and Cout are the influent and effluent
concentrations (mg/L), respectively; T is the temperature (°C);
and pH denotes the acidity or alkalinity.

Eqs 2 and 4, 5, and 7 indicate that plant cultivation weakens
the dependence of SSCWs on SSPS for P and NH₄⁺-N removal.
Compared to non-plant cultivation SSCWS, temperature is
one of the determinants of P removal in plant cultivation
SSCWs.

CONCLUSION

Our results indicate that layered combined substrates can
significantly increase the TN and NH4

+-N removal amounts in
SSCWs but reduce the TP removal amount. Plant cultivation in
combined substrate SSCWs can compensate for the decline in TP
removal. Compared with vertical flow, horizontal flow SSCWs
demonstrate a higher removal capacity of P. Next, T, HRT, pH,
and Cin significantly affected the N and P removal capacity of
SSCWs. To conclude, plant cultivation and combined substrates
can improve the simultaneous removal of N and P in SSCWs.
This study can serve as a reference to solve certain problems
encountered in SSCWs.
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Alpine wetland plays an important role in the global carbon balance but are

experiencing severe degradation under climate change and human activities.

With the aim to clarify the effect of alpine wetland degradation on carbon

fluxes (including net ecosystem CO2 exchange, NEE; ecosystem respiration,

ER; gross ecosystem productivity, GEP, and CH4 flux), we investigated 12

sites and measured carbon fluxes using the static chamber method in the

Zoige alpine wetland during August 2018, including undegraded wetland

(UD), lightly degraded wetland (LD), moderately degraded wetland (MD), and

severely degraded wetland (SD). The results showed that carbon sink strengths

differ among the Zoige wetlands with different degradation stages during the

growing season. From UD to LD, the rate of carbon sequestration (mean

value of NEE) increased by 25.70%; however, from LD to SD, it decreased by

81.67%. Wetland degradation significantly reduced soil water content (SWC),

soil organic carbon (SOC), microbial biomass carbon (MBC), and microbial

biomass nitrogen (MBN). NEE was significantly correlated with MBC and MBN,

while ER was positively correlated with ST but negatively correlated with SOC

(P < 0.01). Among all measured environmental factors, GEP was positively

correlated with pH (P < 0.01), while CH4 flux was most closely correlated

with SOC, SWC, MBC, MBN, and ST (P < 0.001), and was also affected by

pH and NO3
− content (P < 0.01). These results suggest that the capacity of

carbon sequestration in the Zoige wetlands reduced with intensification of

the degradation. This study provides a reference for sustainably managing and

utilizing degraded wetlands under climate change.
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Introduction

Wetlands are one of the most important natural ecosystems
on earth and are formed from the interaction between terrestrial
and aquatic ecosystems (Li Y. et al., 2021). Wetlands account
for only 5–8% of the land surface area but store 25–30% of
soil organic carbon (SOC) in the terrestrial ecosystem (Mitsch
and Gosselink, 2011). Wetlands are sensitive to climate change
and human activities (Yan et al., 2022), and play pivotal roles
in flood prevention, runoff regulation, pollution control, climate
regulation, and sustaining ecosystems and global carbon balance
(Spieles, 2022). Located on the Qinghai-Tibet Plateau, alpine
wetland accumulates a large amount of herbaceous litter with a
slow decomposition rate, resulting in higher soil carbon density
than other ecosystems (Yarwood, 2018). Meanwhile, these alpine
wetlands also contain large amounts of SOC (Wang et al., 2002).
However, the increase in temperature, drainage, and overgrazing
in recent years has led to the degradation of alpine wetland
(Zhu et al., 2022), which have become alpine meadows (Li et al.,
2018). Therefore, the carbon cycle changed with the degradation
of the alpine wetland (Rui et al., 2011). Degradation changes
the hydrothermal conditions in alpine wetland, which directly
affects the complex physical, chemical, and biological factors of
wetland soil, thereby changing the physiological characteristics
of wetland plants. The contents of SOC, nitrogen, phosphorus,
and water decrease with intensification of the alpine wetland’s
degradation. The distribution of plant functional groups is
more sensitive to variations in soil water content (SWC), total
nitrogen (TN) content, and other factors. Vegetation cover and
richness are also affected by the degradation of alpine wetland
(Wang et al., 2015; Yuan et al., 2020), which leads to variations in
root exudates and soil litter, and affects the carbon and nitrogen
conversion rate by soil microorganisms.

Many studies have investigated the changes in carbon fluxes
in alpine wetland during different seasons, and most studies
have shown that alpine wetland are significant carbon sinks
in summer (Zhao et al., 2005; Shi et al., 2006). However,
flux observations in the Luanhaizi and Haibei alpine wetlands
showed that alpine wetlands are CO2 sources (Zhao et al., 2010;
Zhu et al., 2020). Moreover, atmospheric methane (CH4) also
plays a key role in climate change and the carbon cycle. Natural
CH4 emissions from wetlands are the largest single source in
the global CH4 budget (Ringeval et al., 2010), whereas wetland
CH4 emissions dominate the interannual variability in the global
CH4 source (Walter et al., 2001; Bousquet et al., 2006). Some
researchers have reported that degradation of the Zoige peatland
due to drainage has greatly reduced CH4 emissions (Zhang et al.,
2019). Degradation not only affects net ecosystem CO2 exchange
(NEE) but also affects ecosystem respiration (ER) (Chen et al.,
2013). Furthermore, previous studies have reported that gross
ecosystem productivity (GEP) is significantly higher in slightly
degraded than in severely degraded land (Peng et al., 2015). The
rates of NEE are significantly lower in degenerated wetlands

than in non-degraded wetlands (Xia et al., 2019). Xu et al.
(2022) reported that extremely land degradation significantly
decreases NEE and ER by 60.61% and 67.53%, respectively.
However, another study showed that the average ER flux of
degrading vegetation (218.04 ± 95.08 mg C m−2 h−1 in 2013
and 219.03 ± 140.96 mg C m−2 h−1 in 2014) is considerably
larger than that of healthy vegetation (163.78 ± 87.51 mg C
m−2 h−1 in 2013 and 143.91 ± 84.44 mg C m−2 h−1 in 2014)
(Ma et al., 2020). Thus, degradation has a variable effect on
carbon fluxes. Studies have shown that although degradation
affects carbon sequestration in alpine wetland, the degree of the
impact varies with the intensity of degradation (Pei et al., 2022).
Therefore, it is important to explore the impact of degradation
on carbon cycle variables (including CH4) in the Zoige alpine
wetland along four different degradation gradients.

The Zoige alpine wetland are the largest plateau peat swamp
in the world, located in the upper reaches of the Yellow River
in the northeastern Qinghai-Tibet Plateau (Jiang et al., 2017).
The unique climatic, geological and geographical conditions of
the Zoige alpine wetland provide the environmental conditions
for the survival of a large number of wetland wild animals
and plants and make it one of the huge SOC pools in China
(Huo et al., 2013). However, frequent extreme climate events
and overgrazing since the 1970s have caused serious degradation
of the Zoige alpine wetland (Qiu et al., 2009). Drainage and
ditching have aggravated the degradation of the Zoige wetlands
to varying degrees (Mei et al., 2012). Degradation leads to a
reduction in the area of alpine wetland and a drop in water
table, which in turn leads to accelerated peat decomposition
and carbon release (Moorcroft et al., 2008), thereby exacerbating
the global greenhouse effect (Rey et al., 2011). The aims of the
present study were to (1) measure the variation of NEE, ER,
GEP, and CH4 flux and determined the environmental factors
along different wetland degradation gradients; (2) analyze the
relationship between environmental factors and carbon fluxes;
and (3) clarify the effect of alpine wetland degradation on
carbon fluxes. This study will improve our understanding of
the degradation impacts on alpine wetland, and provide data
to support the theoretical basis for scientifically evaluating the
system carbon budget of degraded alpine wetland.

Materials and methods

Study site

The Zoige wetlands (33◦ 55′ 42′′ N, 102◦ 52′ 14′′ E) are
located in the northeastern Qinghai-Tibet Plateau with an
average altitude of 3,600 m above sea level (Figure 1). The
wetlands are in Zoige County, Aba Prefecture, Sichuan Province,
and represent the largest plateau peatland in the world (Chen
et al., 2009). The wetland area is 6,180 km2, accounting for
31.5% of the total area of the Zoige Plateau (Hao et al., 2011).
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FIGURE 1

Locations of the sampling sites in the Zoige Plateau. The left panel is the location of Zoige in Sichuan Province, and the right panel is the
location of the sampling point in Zoige. UD, undegraded wetland; LD, lightly degraded wetland; MD, moderately degraded wetland; SD, severely
degraded wetland.

Due to the high altitude, the air pressure is low at about 668.8
hPa. The region is in the humid climate of the plateau cold
temperate zone, with a short spring and autumn, and annual
average temperatures of about –1.7–3.3◦C (Kang et al., 2018).
The annual average rainfall is 650–750 mm, and the rainy
season is warm and humid (May to September), whereas the
dry season is cold and dry (October–April) (Liu et al., 2020a;
Kang et al., 2022). The dominant species are Kobresia tibetica,
Carex lasiocarpa, Stipa capillata, and other marsh plants (Liu
et al., 2020b). The soil type in the study area was mainly
meadow soil, and the vegetation type was mainly alpine meadow
vegetation. The depth of the peat in the vertical profile of the
Zoige alpine wetland is 2–5 m (Gao et al., 2011) with dry weight
of 2.9 Pg and pH of 6.8–7.2 (Chen et al., 2014; Yan et al.,
2021). Since the 1960s, the peatland has experienced artificial
drainage and expanded pasture (Xiang et al., 2009), which has
drained nearly 41% of the total area of the Zoige peatland and
has changed the plant community, vegetation cover, and soil
properties (Wu et al., 2017).

Experimental design

We investigated 12 sites including four degradation grades,
i.e., undegraded wetlands (UD), lightly degraded wetlands (LD),
moderately degraded wetlands (MD), and severely degraded
wetlands (SD) in the Zoige Plateau during August 2018. Three
sites were selected for each degradation gradient, and three
0.5 m × 0.5 m quadrats representing replicates were randomly
selected within each site. We investigated the VC in the quadrats,
collected soil samples, and measured CO2 and CH4 fluxes in situ
during the growing season. The degradation gradients of the
alpine wetland were determined according to the vegetation

cover (VC) referred from the classification of alpine wetland
degradation grade by Ma et al. (2002). The basic information
of each degradation gradient is shown in Table 1.

Measurement of carbon fluxes

The carbon fluxes included NEE, ER, GEP, and CH4. The
NEE, ER, and CH4 fluxes were measured using the static
chamber method (Niu et al., 2010) carried out between 9:00
and 16:00 on a clear and cloudless day. Acrylic materials with
light transmittance > 95% were used to make the cubic chamber
(size = 0.5 m × 0.5 m × 0.5 m). Two fans were installed on
the inner side of the chamber to ensure the uniform mixing of
gases in the chamber, and the chamber had an air pipe connected
with an LGR-ICOS groove portable greenhouse gas analyzer
(UGGA-30p, LGR, United States) to measure the net exchange
rate of the CO2 and CH4 at the different degraded sampling
sites (Supplementary Figure 1). The base of the cubic chamber
was an aluminum alloy bottom groove of 0.5 m × 0.5 m,
which vertically hit the ground at 5 cm and maintained the base
level. A water seal was used to ensure air tightness inside the
cubic chamber during measurements. The cubic chamber was

TABLE 1 Evaluation grade standard for degraded alpine wetlands.

Degradation degree Vegetation cover (%)

UD 80∼100

LD 70∼80

MD 50∼70

SD < 50

UD, undegraded wetland; LD, lightly degraded wetland; MD, moderately degraded
wetland; SD, severely degraded wetland.
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buckled on the bottom of an aluminum alloy tank, and counting
began after the system stabilized. The instrument recorded the
concentrations of CO2 and CH4 with the frequency of 1 Hz
for 120 s continuously. According to the variations in the CO2

and CH4 concentrations during the measurement period (5–
118 s), the change in the slopes of CO2 and CH4 with time was
calculated, and the CO2 and CH4 fluxes in the cubic chamber
per unit time were determined by combining the slope with
air temperature, water pressure, and air pressure during the
measurement period (Equation 1). The NEE (a positive value
is CO2 emissions, a negative value is net CO2 uptake by the
ecosystem, and the following methods for measuring ER and
CH4 fluxes were the same) and CH4 was determined under
the lighting conditions. The ER fluxes were measured with the
cubic chamber covered with a dark opaque cloth. The NEE, ER,
and CH4 fluxes were calculated from Equation 1. GEP was the
difference between ER and NEE.

Fc =
dc
dt
×

M
V0
×

P
P0
×

T0

T
× H (1)

Where Fc is the gas flux (mg·m−2
·h−1). where dc/dt is the

slope of the linear regression for gas concentration gradient
through time; where M and V0 are the molar mass of the gas
(g mol−1) and the standard molar volume is 22.4 L mol−1,

respectively; P and P0 are the measured atmospheric pressure
and the standard atmospheric pressure, respectively; T and T0

(◦C) represent the average value and the absolute temperature
of the air temperature in the chamber, respectively; and H (cm)
is the height of the static chamber.

Environmental factors

Soil temperature (ST) at a depth of 5 cm was measured in
each sample plot with a portable digital thermometer (JM624,
Jinming Institute Co., Tianjing, China), and SWC at a depth
of 5 cm was determined with a TDR300 moisture meter
(Spectrum Technologies, Inc., Aurora, IL, United States). Three
soil samples at a depth of 5 cm were randomly collected from
each sample plot and stored at 4◦C until the soil properties
were determined. The soil samples were passed through a 2 mm
sieve to divide the soil into two parts. Ammonia (NH4

+), nitrate
(NO3

−), microbial biomass carbon (MBC), microbial biomass
nitrogen (MBN), and dissolved organic carbon (DOC) were
determined in fresh soil samples. Soil pH, SOC, and TN were
determined in air-dried samples. Soil pH was measured with a
pH electrode in a slurry solution with a ratio of soil to water
of 1:2.5 (PHS 29, China). SOC and TN were analyzed by a C/N

FIGURE 2

Environmental factors at the different degradation gradient sites. (A–J) Represent the trends of SWC, pH, ST, SOC, DOC, MBC, TN, MBN, NH4
+,

and NO3
− content with degradation gradient, respectively. Different lowercase letters indicate significant differences at the P < 0.05 level (error

bars indicate standard errors). UD, undegraded wetland; LD, lightly degraded wetland; MD, moderately degraded wetland; SD, severely
degraded wetland; SWC, soil water content; ST, soil temperature at the 5 cm depth; SOC, soil organic carbon; MBN, microbial biomass
nitrogen; MBC, microbial biomass carbon; DOC, dissolved organic carbon; NO3

−, nitrate; NH4
+, ammonia; TN, total nitrogen.
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analyzer (multi-N/C 3100, Analytik Jena AG, Jena, Germany).
Soil NH4

+ content was analyzed using the salicylic acid-sodium
nitroprusside method with a spectrophotometer (PharmaSpec
UV1700, Shimadzu, Tokyo, Japan), and soil NO3

− was analyzed
using a Technicon automated analyzer and by the cadmium
reduction method with a 2 M KCl solution. Soil MBC and soil
MBN were measured by the chloroform fumigation extraction
technique with a fumigation time of 20 h and a 25 mM K2SO4

extract. Soil DOC was extracted by adding 50 mL of 0.5 M
K2SO4 to 12.5 g of a homogenized subsample followed by
stirring on a 120 rpm orbital shaker for 1 h. The filtrate was
subjected to a total organic carbon analyzer (multi-55 N/C 3100,

Analytik Jena). After digestion with perchloric acid, soil TN was
determined by the Kjeldahl method.

Statistical analysis

The effects of the degradation gradient on the NEE, ER,
GEP, and CH4 fluxes were tested by one-way analysis of
variance. The LSD (least significant difference) post-test was
applied to test for differences among the degradation gradients.
Additionally, redundancy analysis (RDA) was used to explore
the relationships between the different degradation gradients

FIGURE 3

The NEE (A), ER (B), GEP (C), and CH4 (D) fluxes in the alpine wetlands degraded to different degrees. Different lowercase letters indicate a
significant difference at the P < 0.05 level (error bars indicate the standard errors). UD, undegraded wetland; LD, lightly degraded wetland; MD,
moderately degraded wetland; SD, severely degraded wetland; NEE, net ecosystem CO2 exchange; ER, ecosystem respiration; GEP, gross
ecosystem productivity; CH4 flux, methane flux.
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and environmental factors in the Zoige alpine wetland. The
heatmap was prepared to show the relationships between the
carbon fluxes and environmental factors. All analyses were
conducted in R v4.2.0 software (R Core Team, 2020).

Results

Environmental factors

The environmental factors were classified into soil physical
properties (including SWC, pH, and ST; Figures 2A–C),
soil carbon content (including SOC, DOC, and MBC;

Figures 2D–F), and soil nitrogen content (including TN, MBN,
NH4

+, and NO3
−; Figures 2G–J). Degradation significantly

altered SWC, ST, SOC, MBC, and MBN in the alpine wetland
(Figure 2). SWC decreased with degradation severity, from
82.35% in UD to 26.59% in SD (Figure 2A). The pH at
the UD sites was significantly lower than that at the other
three degradation gradient sites (Figure 2B). In contrast,
ST was significantly higher at the MD and SD sites than
that at the UD and LD sites, with the highest value of
20.53◦C in the SD and the lowest value of 16.16◦C in the
UD (Figure 2C). SOC, MBC, and MBN were in ranges
of 49.43–348.33 g·kg−1, 314.53–513.10 mg·kg−1, and 52.20–
84.49 mg·kg−1, respectively, and all decreased significantly with

FIGURE 4

Heatmap of the correlations between NEE, ER, GEP, and CH4 and the environmental factors. A blue square indicates that the correlation
coefficient is positive, and a red circle indicates that the correlation coefficient is negative. The correlation coefficient decreased as the color
became lighter and the size became smaller. NEE, net ecosystem CO2 exchange; ER, ecosystem respiration; CH4 flux, methane flux; SWC, soil
water content; ST, soil temperature at the 5 cm depth; SOC, soil organic carbon; DOC, dissolved organic carbon; MBC, microbial biomass
carbon; MBN, microbial biomass nitrogen; TN, total nitrogen; NH4

+, ammonia; NO3
−, nitrate; “∗” and “∗∗” represent significant differences at the

0.01 and 0.001 levels, respectively.
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the degradation gradient (Figures 2D,F,H). SOC at the LD,
MD, and SD sites decreased by 31.53%, 59.34%, and 85.81%,
compared with that at the UD sites, respectively. The MBC and
MBN decreased by 38.70% and 38.22%, respectively, from UD to
SD with the degradation of the wetlands. DOC content was the
highest in LD, with a value of 448.58 mg·kg−1, but it decreased
significantly from LD to SD (Figure 2E). TN decreased from UD
to MD and increased from MD to SD (Figure 2G), and ranged
from 10.47 to 17.20 g·kg−1. NH4

+content was not significantly
different among the four degradation gradients (Figure 2I).
NO3

− content was lowest in UD, while it was much higher at
the sites where degradation occurred (Figure 2J).

Variations in the ecosystem carbon
fluxes

The NEE of the Zoige alpine wetland ranged from –
216.31 to –1,180.24 mg CO2 m−2

·h−1, with an average of
–747.53 ± 102.24 mg CO2 m−2

·h−1, indicating a carbon sink
(Figure 3A). NEE weakened from LD to SD with increased
wetland degradation. ER increased with degradation severity,
the increase in alpine wetland degradation, ranging from 567.96
in UD to 1,524.60 mg CO2 m−2

·h−1 in MD, with an average
value of 1,067.90 ± 95.70 mg CO2 m−2

·h−1. The ER values of
LD, MD, and SD increased by 66.50%, 168.44%, and 117.17%
compared with the UD, respectively (Figure 3B). GEP ranged
from 1,449.73 to 2,125.86 mg CO2 m−2

·h−1 and reaching the

maximum value in LD, although the difference among the four
degrees of degradation was not significant (Figure 3C). The
alpine wetland acted as a strong CH4 source in UD (Figure 3D).
The UD had a strong CH4 source (38.09 ± 5.02 mg CH4

m−2
·h−1). However, CH4 flux at the LD, MD, and SD sites

were only 0.37, 1.62, and –0.06 mg CH4 m−2
·h−1, respectively,

and no significant differences were observed among the LD,
MD, or SD sites.

Correlations between the
environmental variables and carbon
fluxes

The heatmap shows that NEE was significantly correlated
with MBC and MBN, respectively (Figure 4). ER was positively
correlated with ST (r2 = 0.58), and negatively correlated with
SOC (r2 = –0.57, P < 0.001). However, no correlation was
detected between GEP and the measured environmental factors
in this study, except pH (r2 = 0.47, P < 0.01). CH4 flux has
significantly positive relationships with SOC, SWC, MBC, and
MBN (P < 0.001). A negative correlation was observed between
CH4 and ST with NO3

− (P < 0.001). A negative correlation
was detected between CH4 and ST and pH with correlation
coefficients of –0.54 and –0.52, respectively. In addition to
CH4, the carbon flux components of the Zoige alpine wetland
under different degradation succession gradients sites were not
correlated with TN, NH4

+, or NO3
− (P > 0.05, Figure 4).

FIGURE 5

(A) Ordination plots of the redundancy analysis (RDA) for all plots and environmental factors across all sites and (B) a histogram of the
explanatory rates of the different environmental factors for carbon fluxes. UD, undegraded wetland; LD, lightly degraded wetland; MD,
moderately degraded wetland; SD, severely degraded wetland; SWC, soil water content; ST, soil temperature at a depth of 5 cm; SOC, soil
organic carbon; DOC, dissolved organic carbon; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; TN, total nitrogen; NH4

+,
ammonia; NO3

−, nitrate; “∗” and “∗∗” represent significant differences at P < 0.01 and P < 0.001, respectively.
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The RDA results showed that the ten environmental
factors explained 73.76% of the variation in the carbon
fluxes (Figure 5A). SOC, MBN, MBC, and SWC were
the main factors affecting the change in gas fluxes in the
different degradation succession gradients, and they were highly
correlated. The correlation coefficients between the four soil
properties and the carbon fluxes under the different degradation
succession gradients were 0.67, 0.67, 0.64, and 0.70, respectively
(Figure 5B). ST and TN were correlated with the carbon fluxes
of the four degradation gradients in the Zoige alpine wetland
(P < 0.01).

Discussion

Effects of degradation on the
environmental factors

The environmental factors were different under the different
degradation gradients. As the degree of degradation intensified,
the water table level in the Zoige alpine wetland decreased, and
SWC decreased significantly (Figure 2A). The lack of water
inhibits plant growth and affects nutrient absorption by the
plants (Vargas et al., 2020). Therefore, the lower SWC resulted
in inadequate growth conditions, which further degraded the
alpine wetland. As an indicator of soil properties, SOC is
a mixture of plant, animal, and microbial remains, excreta,

secretions, their partial decomposition products, and soil humus
(Piñeiro et al., 2010). Here, wetland degradation significantly
reduced SOC content (Figure 2D). Some studies (Tang et al.,
2010) have shown that simple vegetation composition and low
diversity reduce the number of aboveground vegetation residues
entering the soil; thus, resulting in lower SOC content. We
found the same pattern for MBC and MBN (Figures 2F, H).
Soil MBC and MBN contents increase in areas where plants
grow well and decrease in areas where plants do not grow
(Yan et al., 2012). When alpine wetland degrades to the severe
degradation stage, the soil organic matter, MBC, and MBN are
lost in large quantities.

Temperature is a key factor promoting the changes in root
distribution and stock (Shen et al., 2016). The soil surface
temperature of the Zoige alpine wetland increased gradually as
degradation of the wetlands increased. Previous studies have
shown that soil surface temperature, bulk density, and other
properties increase with increasing alpine wetland degradation
gradients (Li C. Y. et al., 2021). The reason may be that the
high-altitude Zoige alpine wetland have stronger solar radiation,
which makes the temperature of the soil with low water
content increase rapidly, so the more severe the degradation,
the higher the surface temperature (5 cm). Meanwhile, another
reason for the increase of soil surface temperature may be
the reduction of vegetation coverage caused by degradation,
which increases the bare soil area and water loss through
evaporation (Cui et al., 2005). Due to less vegetation cover
and the “heat island” effect of bare land, the soil surface

FIGURE 6

Carbon budget and environmental factors in the Zoige alpine wetlands under different degradation gradients. UD, undegraded wetland; LD,
lightly degraded wetland; MD, moderately degraded wetland; SD, severely degraded wetland; SWC, soil water content; ST, soil temperature at
the 5 cm depth; SOC, soil organic carbon; MBN, microbial biomass nitrogen; MBC, microbial biomass carbon; VC, vegetation cover.
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temperature (5 cm) increases with the degradation gradient
(Cao et al., 2004).

Soil pH affects the absorption of soil nutrients by plants
(Ma et al., 2017), and plant growth and physiological and
biological characteristics affect soil pH in turn. In this study, soil
pH did not change significantly with the degradation gradient.
However, the pH values in the LD, MD, and SD degraded
areas were higher than those in the UD area, indicating that
wetland degradation reduces soil acidity. The more serious the
degradation, the less the vegetation cover (Li C. Y. et al., 2021),
and the less vegetation cover interferes with the soil pH (Li
et al., 2008), so the soil becomes neutral. However, the specific
effects of soil pH and the different degradation gradients in the
Zoige alpine wetland remain unclear; thus, further research is
necessary on the specific mechanism.

Effects of degradation on carbon fluxes

Significant differences in CO2 fluxes were observed in the
Zoige alpine wetland with different degrees of degradation,
except GEP (P > 0.05), and NEE and GEP reached their
maximum values at the LD sites (Figure 3A). The water table
level at the UD sites was high and flooded, which led to low
coverage and low photosynthetic capacity. However, a drop in
the water table level reduced the flooding stress for plants at
the LD sites and increased biomass and photosynthetic capacity.
Therefore, the NEE and GEP values at the LD sites were
higher than those at the UD sites, suggesting that the carbon
sequestration capacity in the wetlands improved under the non-
flooded LD condition (Supplementary Figure 2). However, the
NEE and GEP rates decreased gradually with the increase in
the degradation gradient (Figures 3A,C). The rate of carbon
sequestration increased by 25.70% from UD to LD but decreased
by 81.67% from LD to SD. The reason was attributed to the
factors affecting photosynthesis. The photosynthetic ability of
an ecosystem is closely related to environmental factors, such
as light intensity, soil moisture, air humidity, air temperature,
and atmospheric CO2 concentration (Moore et al., 2006).
Photosynthetic ability is also affected by the vegetation type,
coverage, and leaf area index (Feng et al., 2008). When the
alpine wetland is transformed into an extreme degradation
stage, the plant community becomes smaller and sparse, the
compositional structure changes, the coverage decreases, grass
yield decreases, and the number of species and the amount of
fine forage grass decrease (Zhou et al., 2005). The environmental
conditions deteriorated rapidly, which made the photosynthetic
rate of the community decrease rapidly, and the NEE and GEP
also decreased. ER showed a trend of increasing first and then
decreasing (Figure 3B) and was positively related to the degree
of degradation. As the soil surface temperature of the degraded
alpine wetland is high, the higher surface temperature led to
an increase in microbial activity, which enhanced ER. As a

result, ER was stronger and NEE was weaker and the more
severe the degradation of the alpine wetland, the lower the GEP
of its ecosystem.

CH4 flux is closely associated with soil moisture (Yu et al.,
2013). The SWC at the UD sites was sufficient and the water
table level was high; thus, the CH4 flux was very significant and
the UD sites were an extremely important source of CH4. In
contrast, at the LD, MD, and SD sites, the decline in the water
table level resulted in a significant decrease in CH4 flux. Soil
organic matter (crop straw of previous crop and photosynthetic
products of the current season) is decomposed into methane
by methanogenic bacteria (Conrad, 2007), and the high-water
table level at the UD sites in this study created the conditions
for generating methane. The Zoige alpine wetland exhibited a
transformation from a CH4 source to a CH4 sink at the sites
with a low MD to SD water table level, but the rate was extremely
low. The CO2-eq net flux of CH4 was shown in Supplementary
Figure 3. The Zoige alpine wetland had carbon absorption
potential in the different degradation stages, and its carbon sink
capacity varied with the degree of degradation (Figure 6), which
was consistent with previous studies. Our study shows that the
carbon sink function gradually weakened with the increase in
the degradation gradient.

Effects of the environmental factors on
the carbon fluxes

Carbon fluxes in the Zoige alpine wetland were regulated
by a variety of factors. Temperature was the primary factor
controlling the ecosystem carbon fluxes (Figure 4). Previous
studies have shown that temperature is one of the main factors
affecting the respiratory rates of different soil use types (Hursh
et al., 2016), as variations in temperature control carbon flux
to a certain extent. Higher soil surface temperature stimulates
the activity of microorganisms, enhances soil enzyme activities,
and accelerates litter decomposition (Updegraff et al., 2001) so
ST was the dominant ER controlling factor. Notably, NEE had a
strong relationship with MBN, MBC, SOC, and SWC (Figure 4).
MBC and MBN represent microbial activity, which was directly
affected by soil fertility, water holding capacity, soil erosion
resistance, and soil bulk density. The variations in MBC and
MBN indirectly indicate the degree of wetland degradation, and
they have an important effect on soil respiration and carbon
balance in an alpine ecosystem. Therefore, MBC and MBN were
strongly correlated with the carbon flux (Figure 4), and the
carbon flux were high when MBC and MBN contents were
high. Moreover, vegetation degradation and soil degradation
are interrelated (Tang et al., 2015). One of the main reasons
for vegetation degradation in the Zoige alpine wetland was the
increase in grazing intensity and the increased rate of activities
on the plateau (Liu et al., 2020b). Grazing decreases vegetation
coverage and increases the amount of bare soil exposed to the
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air (Sun et al., 2011), which aggravates the weathering of surface
soil. At the same time, a large number of rodents invaded
the plateau. Soil quality continued to decline as the rodents
gnawed on the roots of plants and increased the number of
underground caves, which shifted the Zoige alpine wetland to
a severe degree of degradation. Ecosystem respiration decreases
when the vegetation becomes severely damaged. Therefore, the
carbon exchange rate of the ecosystem was lowest at the SD sites
(Figures 3A,D). Therefore, further research on the degradation
of the Zoige alpine wetland vegetation caused by grazing and
rodent activities should be conducted.

Emissions of the greenhouse gas CH4 account for 15%
of the total greenhouse effect (Soebandiono et al., 2021).
Here, our results show that CH4 emissions at the UD sites
were much higher than those at the LD, MD, or SD sites,
and CH4 flux was significantly correlated with SWC, ST,
SOC, MBC, and MBN (Figure 4). Studies have shown that
nitrates, sulfates, and others act as electron acceptors in wetland
sediments, where they promote the anaerobic oxidation of
CH4 and reduce CH4 emissions (Zhu et al., 2010). Moreover,
soil microorganisms, such as methane-oxidizing bacteria,
play an important role in inhibiting methane emissions.
pH is an important environmental factor affecting microbial
growth. Previous studies have reported that neutral and weak
alkaline environments are more conducive to growing such
microorganisms (Conrad, 2007). The pH of the soil in this study
was 5.7–7.1, which was slightly acidic at the UD sites and was
not beneficial for the survival of methane-oxidizing bacteria,
suggesting why the CH4 flux at this site was higher than the
other three sites.

However, carbon fluxes in alpine wetland are influenced by
many factors, such as climate conditions, vegetation type, and
soil conditions (Luo and Zhou, 2006). Single-factor analyses of
some main soil physical and chemical factors in this study only
explained part of the question. Therefore, other factors such as
climate conditions and vegetation types, should be considered
more in follow-up research, and their effects on carbon fluxes
in the alpine wetland should be comprehensively analyzed by
multiple factors.

Conclusion

In this study, we comprehensively investigated the
carbon fluxes and environmental factors under 12 sites
including four degradation grades in Zoige alpine wetland.
Our finding indicated that the carbon fluxes of the Zoige
alpine wetland during the growing season were closely related
to the successional degradation gradients, and Zoige alpine
wetland acted as a carbon sink under the four degradation
gradients. Meanwhile, we found that degradation changed the
environmental factors of alpine wetland, which weakened Zoige
alpine wetland carbon sequestration capacity. Considering

the complexity of the alpine wetland and the uncertainty of
global climate change, further studies on the mechanisms of
degradation on carbon sequestration in alpine wetland are
needed in the future.
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Hydrogeochemical processes
controlling the salinity of
surface water and groundwater
in an inland saline-alkali wetland
in western Jilin, China
Geng Cui1, Yan Liu1,2* and Shouzheng Tong1

1Northeast Institute of Geography and Agroecology, Chinese Academy of Sciences, Changchun,
China, 2School of Geographical Sciences, Changchun Normal University, Changchun, China

Understanding the hydrochemical evolutionary mechanisms of surface water

and groundwater in saline-alkali wetlands in arid and semi-arid regions

is necessary for assessing how wetland water resource utilization and

restoration processes may affect the natural interface between wetland

salinity and water. The Momoge National Nature Reserve (MNNR) is an inland

wetland in northeastern China that is mainly fed by irrigation water and floods

from the Nenjiang River. The purpose of the present study is to describe

the spatial distribution characteristics of surface water and groundwater

hydrochemistry and salinity in the MNNR and analyze the main processes

controlling these parameters. The composition of stable isotopes (δ2H and

δ18O) and water chemistry, including the levels of Na, K, Ca, Mg, HCO3,

SO4, and Cl, of 156 water samples were analyzed. The results show that the

lake water in the MNNR is at a risk of salinization owing to a high degree

of evaporation. The analysis of the ion ratio and mineral saturation index

showed that the ions in water are primarily derived from aquifer leaching,

and the precipitation of Ca2+ and Mg2+ resulted in lower Ca2+ and Mg2+

levels in lake water than in groundwater. Hydrogen and oxygen stable isotope

and deuterium excess analyses show that evaporation is the dominant factor

controlling the hydrochemistry and salinity of lake water in the MNNR. Long-

term effective monitoring of lake water and groundwater must be developed

to provide an early warning for the salinization of lake water and a scientific

basis for the protection and restoration of wetland ecosystem functions within

the MNNR.
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Introduction

Wetland ecosystems have a variety of unique functions
and structures between terrestrial and aquatic ecosystems.
Inland saline-alkali wetlands are an important type of wetlands.
They are mostly distributed in arid, semi-arid, and sub-
humid transition areas and characterized by inundation or
shallow-surface water environments, where saline-alkali soils
and halobiotic communities develop and constitute a unique
geographical complex of inland saline-alkali land ecosystems
(Sun et al., 2000; Zhao et al., 2021). Multiple threats from climate
change, population growth, land use, and hydraulic engineering
have resulted in inland wetlands being exposed to the risk of
increased saline inflows (Fowler et al., 2014; Herbert et al., 2015).
Salinization is an important factor that affects and drives the
ecological characteristics of the water environment in saline-
alkali wetlands. The salinization of wetland water bodies in
arid and semi-arid regions has attracted attention worldwide
(Lyons et al., 2007; Nachshon et al., 2014; Liu et al., 2018a;
Chamberlain et al., 2020). Owing to the stress of wetland
water salinization, the metabolism and carbon sequestration of
wetland aquatic plants have been seriously affected, resulting in
a gradual weakening in the functionality of wetlands as carbon
pools (Wen et al., 2017).

Climate, topography, water-rock interactions, and surface
water-groundwater (SW-GW) interactions play important roles
in the variation in salinity and hydrochemistry of wetlands.
Owing to the influence of these factors, the increase in
water salinity may be a slow process, lasting thousands to
tens of thousands of years (Skrzypek et al., 2013). High
evapotranspiration directly affects the salinity of wetland water
and contributes to the formation of soluble salts, which are
incorporated into wetland water by groundwater or tidal flow
(Alvarez Mdel et al., 2015). Wetlands are often located at
lower elevations, which exposes them to the risk of secondary
salinization because of rising water table levels. Furthermore,
highly dynamic surface-groundwater interactions in wetlands
drive the salinity, which can have positive or negative impacts
on wetland ecology (Jolly et al., 2008; Xin et al., 2022). Stable
isotopes and major ions in water are important tracers for
understanding the process of salinity change, and they can be
used to analyze the causes of water salinity in coastal or inland
wetlands (Galliari et al., 2021).

The saline-alkali soil region in western Jilin Province, China,
is a plain surrounded by mountains and watersheds. The source
of soil salinity is the accumulation of soluble salts in the parent
rock where groundwater flows from the surrounding uplands
to the depressions. The Momoge National Nature Reserve
(MNNR) is located in northwest Jilin, where groundwater from
the surrounding uplands converges. In 2013, it was included
in the list of wetlands of international importance under the
Ramsar Convention. The main geochemical processes that
control the salinity and hydrochemical characteristics of the

MNNR surface water and groundwater need to be explored.
The objectives of this study are to (1) explore the salinity
and hydrochemical distribution characteristics of surface water
and groundwater in the MNNR and (2) determine the main
geochemical processes that drive water chemistry and salinity in
water bodies within the MNNR.

Materials and methods

Study area

The MNNR is located in the western region of Jilin
Province, China, with an area of approximately 1,440 km2

and a geographic range between 45◦42′25′′–46◦180′′ N and
123◦27′0′′–124◦4′33.7′′ E (Figure 1). The MNNR is a typical
reserve established to protect inland wetlands and aquatic
ecosystems in northeastern China. It is an important migratory
stop for the endangered species Grus leucogeranus and was
included in the list of wetlands of international importance in
2013. The altitude of the reserve is between 100 and 171 m,
which is high in the northwest and low in the southeast. The
uplands in the western MNNR surround many small and large
lakes, while the eastern region is relatively flat with an elevation
difference of 2–5 m.

Lake distribution

MNNR is located on the western edge of the Songnen
Plain in the northern region of the Songliao subsidence belt.
Due to the Mesozoic rifted basin and the combined action
of paleogeography and paleoenvironment, alluvial, lacustrine
plains, and scattered lakes were formed. At the beginning of
the Quaternary Period, the Songnen Plain sank slowly, and
erosion was strengthened, causing transported gray-white sand
and gravel to be deposited at the bottom of the Quaternary
loose layer of the Songnen Plain. In the Early Pleistocene,
the western part of the Songnen Plain continued to sink and
formed a large ancient lake. In the Late Pleistocene, due to
the slow uplift of the watershed, the subsidence center of the
Songnen Plain continued to shrink and migrate westward. As
a result of the Wurm glacial stage, the cold climate spread
to the Songnen Plain, and the resulting cold and dry state
caused the ancient lake to gradually decline. The lake area
shrank, and it was divided into scattered small lakes. The
rivers that entered the plain became unconfined, and the
paleohydrological network underwent major changes, forming
inland river systems and lakes, accompanied by extensive saline-
alkali flatlands. Driven by severe cold and high pressure, the
anticyclonic winds were strong, and wind erosion formed
ancient sand dunes, sand ridges, and wind-eroded depressions,
which became the present day saline-alkali lake bubbles. Since

Frontiers in Ecology and Evolution 02 frontiersin.org

145

https://doi.org/10.3389/fevo.2022.993849
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-993849 August 30, 2022 Time: 17:4 # 3

Cui et al. 10.3389/fevo.2022.993849

FIGURE 1

Location of the study area and distribution of sampling points.

the Late Pleistocene, the lake area has gradually decreased and
been divided into smaller lakes. Therefore, MNNR is a lacustrine
alluvial plain formed by the combined action of lakes and rivers.
The continuous development and multiple river diversions have
resulted in numerous lakes.

Meteorology and hydrology

MNNR is located in a semi-arid region and has a
temperate continental monsoon climate with an average annual

temperature of 4.2◦C. The highest temperature occurs in
July, with an average of 23.5◦C, and the lowest temperature
occurs in January, with an average of –17.4◦C. The average
annual precipitation is 391.8 mm. Generally, precipitation
is concentrated from June to September, reaching 300 mm
and accounting for 76.6% of the annual precipitation. The
average annual evaporation is 1585.1 mm, with the highest
evaporation in May.

The MNNR is bounded by two natural rivers to the south
and east. The Nenjiang River, to the east, flows through the
reserve for 111.50 km, with a drainage area of more than 300
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km2. The Taoer River, to the south, flows through the reserve
for 60 km and then joins the Yueliangpao Reservoir. There are
two seasonal rivers that flow through the reserve: the Erlongtao
and Huerda rivers (Figure 1). Many lakes have developed within
this reserve under the combined influence of topography and
surface runoff. The west is dominated by brackish lakes dammed
by piedmont fan-edge depressions, the east is dominated by
floodplain freshwater lakes affected by floods, the middle is
dominated by low plains, and the lower reaches of the river form
a number of water passages from north to south, developing
a series of beaded freshwater lakes. The Qianhang Drainage
Station on the northern boundary of the reserve begins to
discharge farmland water into the reserve annually in May and
continues to discharge downstream through the sluice gate of
Baihe Lake.

Sample collection and field monitoring

Groundwater and surface water in the reserve were sampled
three times during one hydrological year in 2019 (Figure 1).
The samples included (1) groundwater from 43 wells, (2)
surface water from 18 lakes, and (3) water from major rivers
flowing into the reserve. The samples were collected before
the wet period (June), during the wet period (September),
and during the dry period (November). All groundwater
samples were collected after pumping three times the volume
of water in the pipe. Groundwater sampling was concentrated
in the central and western parts of the reserve as there
are few boreholes in the eastern floodplain of the MNNR.
Twenty-one sub-basins were divided based on the topography
to ensure that groundwater sampling points were evenly
distributed in each sub-basin in these areas. During the
sampling campaign, the groundwater table was measured at
each sampling point. These results provided a basis for assessing
the effects of precipitation and hydrodynamic conditions on the
isotopic and chemical compositions of lake and alluvial aquifer
groundwater.

A total of 156 water samples were analyzed for stable isotope
(δ2H and δ18O) and hydrochemical characteristics. The pH,
dissolved oxygen (DO), electrical conductivity (EC), and total
dissolved solids (TDS) were tested and recorded on-site using
multi-parameter water quality analyzers (HANNA HI98121
and HI98129, Italy). Laboratory analysis was completed at the
Northeast Institute of Geography and Agroecology, Chinese
Academy of Sciences. The δ2H and δ18O values of the
water samples were measured using a stable isotope mass
spectrometer (MAT253, United States), and the measurement
results were corrected with Vienna Standard Mean Ocean Water
(VSMOW). The accuracies of δ2H and δ18O were found to
be 0.3h and 0.1h, respectively. The K+, Na+, Ca2+, and
Mg2+ concentrations of the water samples were determined
using inductively coupled plasma spectrometry (ICP-OES735E,

United States), and HCO3
−, Cl−, and SO4

2− were determined
using ion chromatography (ICS-2100, United States).

Data analysis

The varying trends of precipitation, temperature, and
evaporation in the MNNR from 1960 to 2019 were analyzed.
The local deuterium excess was calculated using the equation
proposed by Dansgaard (1964). Using the weighted linear
regression model in SPSS software, a correlation analysis
of the main ions and environmental parameters in surface
water and groundwater in MNNR was conducted, based on
which the causes of water salinity were inferred. The possible
hydrogeochemical processes and the causes of surface water and
groundwater chemistry were determined using a Piper diagram,
main ion relationship analysis, and mineral saturation index
calculation.

Results

Hydrochemical characteristics

Alkaline water occupied most of the depression wetlands
in the MNNR, and the pH varied from 7.17 to 9.44. The
groundwater was practically neutral, with a pH ranging from
6.93 to 7.88. The groundwater and surface water varied from
freshwater (0.11 g/L) to brackish (3.97 g/L). The TDS of the
Nenjiang River water were between 0.10 and 0.15 g/L, while the
TDS of groundwater and lake water (including reservoirs) was
considerably higher than that of river water. The average TDS of
the sampling points in November was 0.80 g/L, which was nearly
0.20 g/L higher than that in September (0.61 g/L). In addition,
the groundwater TDS at each sampling point did not change
significantly during the three sampling campaigns. Water in
the Nenjiang River was dominated by HCO3

−, Ca+, Mg2+,
and Na+, and the types of cations varied seasonally. The lake
water was dominated by HCO3

− and Na+, which accounted for
approximately 80% of the main ions in the lake water. HCO3-
Na•-Ca type water occurred continuously in the reservoir water.
Finally, most of the groundwater was dominated by HCO3

−,
Na+, and Ca+, and the cations in a small fraction of the
groundwater were dominated by Mg2+ (Table 1 and Figure 2).

Distribution of H and O stable isotopes

The local meteoric water line (LMWL) was determined to
be δ2H = 5.75δ18O-16.85 by fitting the annual stable isotopes for
precipitation measured data from 2019. The slope of the LMWL
was smaller than that of the global meteoric water line (GMWL),
reflecting the semi-arid characteristics of the area. Evaporation
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TABLE 1 Average concentration of chemical components in water (mg/L).

Time Water type HCO3
− + CO3

2− Cl− SO4
2− Na+ + K+ Mg2+ Ca2+ TDS Hydrochemical type

Jun. Lake 537.68 47.3 51.22 201.7 15.26 22.81 735.8 HCO3-Na

Reservoir 219.54 30.71 30.88 44.31 12.32 36.66 371.31 HCO3-Na·Ca

Groundwater 512.01 42.21 22.69 85.66 26.41 72.23 505.2 HCO3-Na·Ca

River 65.88 17.75 6.13 7.57 5.03 18.02 120.88 HCO3-Mg·Ca

Sep. Lake 699.26 71.55 43.37 266.47 16.46 20.6 749.59 HCO3-Na

Reservoir 222.33 31.24 21.66 48.71 112.33 33.4 258.06 HCO3-Na·Ca

Groundwater 508.74 55.07 30.5 94.5 27.97 55.63 518.04 HCO3-Na·Ca

River 89.3 17.04 5.32 11.39 5.07 20.01 107.85 HCO3-Ca

Nov. Lake 840.7 87.61 79.04 345.67 18.73 24.39 975.79 HCO3-Na

Reservoir 240.1 32.84 20.13 51.96 13.23 37.18 275.4 HCO3-Na·Ca

Groundwater 481.16 73.62 44.93 122.42 30.06 74.47 586.074 HCO3-Na·Ca

River 124.44 22.01 9.34 22.7 7.28 23.09 146.65 HCO3-Na-Ca

FIGURE 2

Piper diagram of different water bodies in the study area.

of precipitation from the surface accounts for a large proportion
of the local water vapor source. The average values of δ2H and
δ18O in the groundwater, lake water, and river water were –
76.3, –9.1, and –50.8% and –4.7, –55.5, and –5.3%, respectively
(Figure 3). The isotope values of groundwater, lake water, and
river water in the MNNR were distributed along the LMWL,

indicating the interaction between different water bodies was
driven by precipitation recharge. The large water surface and
arid climate contributed to the strong surface evaporation that
occurred in the lake and the tail of the Erlongtao River, resulting
in strong δ2H and δ18O enrichment, while the stable isotopes of
groundwater and Nenjiang River water were relatively depleted.
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FIGURE 3

Relationship between δ18O and δ2H in different water bodies within MNNR.

Source of water solute

Driven by topography, groundwater flows from the
northwest to southeast in the study area. During this process,
water and rock interactions are dominated by leaching from
fresh groundwater, with a TDS of approximately 0.5 g/L. Owing
to the fine particle size of wetland sediments, the effect of
groundwater recharge was weaker than that of the concentration
caused by evaporation. This led to a significant increase in the
TDS of the isolated wetland to 2.3 g/L. However, for Baihe Lake
and other lakes fed by irrigation drainage, the effect of water
mixing was stronger than that of the concentration, and the
TDS of the lake water became stable at approximately 150 mg/L
due to the large amount of freshwater input from the irrigation
channel. The TDS concentrations correlated with that of Cl−

and Na+ in groundwater (R > 0.90) (Figure 4), indicating
the dissolution of halite in the aquifer. However, the TDS
concentrations were primarily correlated with that of HCO3

−

and Na+ in the lake water (R = 0.99), which was different from
groundwater. This indicated that groundwater is not the only
recharge source of lake water and that river water may be a
larger potential source. HCO3

− is continuously input into the
lake water from the river water and gradually accumulates under
strong evaporation. In addition, pH was an important factor
affecting the water chemistry of lake water, and it significantly
correlated with the concentrations of HCO3

− and Na+, and the
pH range of lake water, resulting in HCO3

− dominating the
carbonate balance.

The results of the relationship between the main ions
(Figure 5) show that the groundwater points of HCO3

− and
SO4

2− against Ca2+ and Mg2+ were distributed around the
1:1 line, indicating the dissolution of calcite, gypsum, and other

carbonate and sulfate minerals. However, the Ca2+ and Mg2+

concentrations in the lake water were considerably lower than
those in the groundwater, and the proportion of Na+ in the lake
water markedly increased. This was due to the precipitation of
Ca2+ and Mg2+ in the lake water during repeated evaporation
processes, which is the main process forming the saline-alkali
soil in the MNNR.

Discussion

Mineral dissolution and precipitation

The saturation index (SI) of minerals in water is helpful in
determining the dissolution and precipitation state of minerals
to describe the hydrochemical origin and salinization process
of the water body. The absence of Ca2+ and Mg2+ in the
surface water (Figure 5) was due to the precipitation of calcite
and dolomite (Figures 6A,B), as they were oversaturated in the
surface water because of high evaporation. The Ca2+ produced
by the dissolution of anhydrite and gypsum could not resist
the precipitation of calcite and dolomite (Figures 6C,D). The
SI values of halite in the groundwater and lake water were
negative and similar, indicating that halite still had the potential
to dissolve further and produce more Na+ and Cl− (Figure 6E).

Indication of d-excess characteristics

Studies have shown that evaporation leads to the fractional
enrichment of 2H and 18O in water bodies, which is
accompanied by an increase in TDS (Jin et al., 2018;
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FIGURE 4

Correlation matrices of hydrochemistry and environmental parameters (A: lake water; B: groundwater; the number of * from 1 to 4 indicate the
significance levels less than 0.05, 0.01, 0.001, and 0.0001 respectively).

FIGURE 5

Scatter plot of the relationship between main ions in groundwater and lake water.

Chen et al., 2020). The positive correlation between TDS and
δ18O in the MNNR lake water (R2 = 0.4031) was not evident
in the groundwater (Figure 7A). As the degree of evaporation
increased, the δ18O in the lake water reached 2.26h, and

the TDS reached 2,499 mg/L. In contrast to the d-excess
proposed by Dansgaard (1964), the LMWL equation was
used to calculate the local d-excess. The local d-excess and
TDS of lake water were negatively correlated (R2 = 0.2197),
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FIGURE 6

Saturation indices (SI) of water samples for selected minerals. (A) Calcite; (B) dolomite; (C) anhydrite; (D) gypsum; (E) halite.

whereas the d-excess and TDS of groundwater were not
significantly correlated (Figure 7B). The d-excess is important
for identifying the mechanism of water salinization. After
seawater evaporates, underground and surface runoff form
through the hydrological cycle, and depression lake wetlands
form in the discharge area. After the lake water evaporates
again, the d-excess continues to decrease, and the salinity
increases owing to continuous accumulation. This negative

correlation between d-excess and TDS can explain the effect of
evaporation on the stable isotopes, salinity, and the on-going
salinization of the water body. The lake water in the MNNR
undergoes salinization due to evaporation, and the groundwater
salinity is mainly affected by aquifer leaching in the water flow
path.

The precipitation, evaporation, and temperature data from
Baicheng Station, a meteorological station near the study area,
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FIGURE 7

Relationships between TDS and H and O stable isotope parameters. (A) TDS and δ18O; (B) TDS and d-excess.

showed that from 1960 to 2019, the annual precipitation was
in the range of 123–726 mm, with a gradual trend of decline.
The annual evaporation was in the range of 1,137–2,240 mm.
The 60-year average annual evaporation is nearly 4.4 times
the average annual precipitation, which confirms the semi-arid
climatic conditions and strong evaporation in the region. As
evidence of global warming in the MNNR, the annual average
temperature in the study area has gradually increased at an
average rate of 0.053◦C per year, but the annual evaporation in
the study area has exhibited a decreasing trend (Figure 8). This
is due to a decrease in the amount of solar radiation due to a
decrease in the number of sunshine hours globally.

Ecological consequences of wetland
salinization

Salinization poses a significant threat to the structure and
ecological functions of inland and coastal wetlands. Climate
change, human modification, or destruction of the natural
hydrological cycle has changed the balance of water and salinity,
resulting in increased soil and water salinity in a number of
wetlands at a higher rate than natural levels (Skrzypek et al.,
2013). Natural changes in wetland salinity may occur over time
scales of 10,000 years, whereas secondary salinization caused
by anthropogenic factors may only occur over several decades.
By analyzing the hydrochemical and isotopic characteristics of
groundwater and surface water in the Manas River Basin, Liu
et al. (2018b) concluded that mineral dissolution, transpiration,
and agricultural irrigation activities are the main causes of
groundwater salinization, which is consistent with the findings
of this study. Elevated soil salinity during secondary salinization
has the potential to increase the link between soil respiration
and moisture content (Drake et al., 2014). Through laboratory-
controlled experiments on peat deposits in coastal wetlands,
van Dijk et al. (2015) found that soil and water salinization

have an important impact on soil biogeochemical processes, and
sediment cation exchange and brackish water supply can alter
nitrogen and phosphorus availability and methane production
rate Albecker et al. (2019) found that changes in water salinity
affect frog skin microbial communities, thereby increasing the
survival and health of the host frog These and other studies
have displayed the causes of wetland salinization and the
possible consequences for wetland ecology. From macro-to
micro-perspectives, salinization plays an important role in the
wetland carbon cycle, biological community distribution, and
biogeochemical processes. Thus, the importance of freshwater
wetlands should be clearly recognized. The effective monitoring
and assessment of the sali process of freshwater wetlands are two
important steps in protecting their ecological environment.

Protect wetlands from salinization

As freshwater demand increases, the control and
remediation of freshwater salinization becomes increasingly
important (Vörösmarty et al., 2010). Moreover, once
salinization or secondary salinization occurs in freshwater
wetlands, the original plant community is irreversibly degraded
(Wang et al., 2019), causing the wetland to gradually change
from an oasis to a desert. Researchers have attempted to use a
variety of methods to slow the process of wetland salinization,
providing several good case studies (Zalidis, 1998; Litalien and
Zeeb, 2020; Wang et al., 2021). However, as each anthropogenic
source of freshwater salinization is associated with a specific
set of ions, there is currently no global standard for evaluating
the salinization of freshwater wetlands (Schuler et al., 2018;
Hintz et al., 2022). In the future, establishing standards and
legislation for wetland salinization may be an effective way
to slow the process of wetland salinization, as they play an
important positive role in wetland salinization assessment and
the reduction of anthropogenic impacts.
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FIGURE 8

Variation of precipitation, evaporation, and temperature in the study area from 1960 to 2019.

Conclusion

A portion of the lake water in the MNNR has been converted
to brackish water or is near the threshold range for fresh and
brackish water. In addition, the location and climatic conditions
of the MNNR place it at risk for lake salinization. Groundwater
brings salinity into depression lakes through aquifer leaching
along the flow path, and semi-arid climatic conditions and high
evaporation lead to the precipitation of Ca2+ and Mg2+ in lake
waters. Although the discharge of irrigation water dilutes the

water and forms drainage channels in certain downstream lakes,
reducing the risk of lake salinity, it may increase the downstream
nitrogen and phosphorus loads. Lakes lacking recharge water
sources and drainage channels have now become brackish.
Long-term effective monitoring of lake water and groundwater
should be suggested to provide early warning of salinization
of lake water within the MNNR, and active measures such
as formulating relevant evaluation standards and regulations
should be taken to avoid further salinization, which has a large
impact on wetland ecosystems.
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Excessive accumulation of heavy metals in global lake sediments poses a

serious threat to lake water quality and ecosystem security. However, there

is still a knowledge gap in comparison of heavy metal variation and pollution

in hydrologically connected lakes. In this study, concentrations of As, Cd,

Cr, Cu, Hg, Pb, and Zn in sediments of two hydrologically connected lakes,

Xingkai Lake and Xiaoxingkai Lake, were determined during the hydrologically

connected periods (May and September) and disconnected period (January

and July) in 2021. We found the range of As was 2.58∼14.35 mg/kg, Cd was

0.050∼0.21 mg/kg, Cr was 28.58∼262.3 mg/kg, Cu was 3.12∼28.05 mg/kg,

Hg was 0.0030∼0.14 mg/kg, Pb was 10.87∼58.86 mg/kg, and Zn was

18.21∼90.73 mg/kg. Heavy metal concentrations were lower than grade I

level in Chinese soil quality standards with significant spatial and temporal

differences in the basin. Overall, most of the sampling sites in Xingkai

Lake and Xiaoxingkai Lake were at the uncontaminated level and moderate

ecological risk during the sampling period. Two lakes showed different heavy

metal compositions, accompanied by higher contamination level and higher

potential ecological risk in the small lake than those in the large lake based on

analysis of the geo-accumulation index and potential ecological risk index.

Besides, the contamination level and potential ecological risk in May and

September were higher than those in January and July, mainly due to human

activities and hydrological connectivity. The ecological risks were moderate

for Cd and Hg, and low for As, Cr, Cu, Pb, and Zn. Correlation and PCA analyses

showed that Cd mainly originated from anthropogenic sources, while other

metals mainly came from natural sources. These findings elucidate the effects

of agriculture and hydrological connectivity on heavy metals in sediments, and

provide scientific basis for the reasonable management of lake ecosystem.
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heavy metals, ecological risk, Xingkai Lake, hydrological connectivity, agriculture
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Introduction

Heavy metal pollution is one of the most concerning
issues globally, and is considered as typical pollutant in
the environment due to their high toxicity, environmental
persistence, bioaccumulation, carcinogenicity, and complex
mechanisms with multiple sources and pathways (Yu et al.,
2021; Miranda et al., 2022). Heavy metals are discharged into
lakes through multiple natural and anthropogenic pathways
such as atmospheric deposition, rain wash, and surface runoff,
and then deposit in the sediments (Yu et al., 2021), resulting
in increasing heavy metal concentrations in global lakes from
1970s to 2010s (Zhou et al., 2020). Although many studies
on heavy metal pollution in lakes have been carried out
(e.g., Veeranam Lake in India, Suresh et al., 2012; Poyang
Lake in China, Feng et al., 2019), it is still necessary to
conduct relevant studies on individual lakes due to their
differences in local economic development, pollution sources,
and geographical conditions, particular for hydrologically
connected lakes that characterized by complex hydrodynamics
and landscape heterogeneity (Teng et al., 2020).

Lake sediment shows strong adsorption capacity for heavy
metals and thus reduces the pollution level of overlying water
(Xu et al., 2017). However, heavy metals are released into
water under changing environmental conditions, including pH
(Zhang Y. et al., 2018), dissolved oxygen, salinity, nitrogen,
and phosphorus (Liu M. et al., 2019; Wang et al., 2021), and
in turn cause secondary pollution to the water environment
(Liu M. et al., 2019), influencing the structure and function
of lake ecosystem (Xu et al., 2017). Moreover, heavy metal
pollution in lakes has changed from single metal pollution
to mixed metal pollution (Zhou et al., 2020), associated with
complex interactions with clay, Fe-Mn oxides, and organic
matter by means of ion exchange, complexation and chemical
adsorption (Yuan et al., 2014; Yu et al., 2021). Sediment
adsorption and desorption capacity play a key role in regulating
the bioavailability and bioaccumulation of heavy metals along
the food chain in lakes that ultimately endangers human health
(Coelho et al., 2018). Therefore, it is crucial to understand
heavy metal pollution and ecological risk and their interactions
with environmental variables in sediments for the scientific
management of lakes.

China is increasingly concerned about heavy metal risks
and impacts, due to the rapid development of urbanization,
industrialization, and agriculture that are considered as main
sources of heavy metals in lakes (Xu et al., 2017; Han
et al., 2020; Zhou et al., 2020). In particular, long-term
irrational use of chemical fertilizer, pesticide, herbicide, and
mulching film in agricultural activities can lead to severe
heavy metal pollution in lake sediments (Li et al., 2017;
Peng et al., 2020). Cd, Hg, As, Cu, Pb, Cr, and Zn show
high pollution levels and potential ecological risk in 71% of
provinces in China, and thus are considered as key management

targets for relevant administrative agencies (Xu et al., 2017).
Understanding the temporal and spatial variation of heavy
metals and differentiating the source of the metal accumulation
in surface sediment are critical for sediment quality assessment
and lake ecosystem protection.

Xingkai (Khanka) Lake, a shallow transboundary lake
shared by China and Russia, is the largest freshwater lake
in northeast China. Lots of large farms have been built
concomitant with rapid shrinkage and fragmentation of
wetlands (Song et al., 2012; Yuan et al., 2018). Moreover,
continuous use of fertilizer, pesticide, and herbicide in
agriculture activities contributed to increased concentrations of
nutrients and heavy metals and decreased water quality in the
entire basin (Yuan et al., 2021). As a consequence, the water
quality of Xingkai Lake and its hydrologically connected lake
(Xiaoxingkai Lake) has changed from oligotrophic to eutrophic
which may affect water quality in the Russian part of this lake
(Piao and Wang, 2011). Nevertheless, little is known about
the heavy metal pollution and ecological risk in Xingkai Lake
and Xiaoxingkai Lake. Understanding the temporal and spatial
variation, pollution and ecological risk of heavy metals in
sediments of these two lakes is helpful to provide a scientific
basis for ecological assessment of water quality and effective
basin management.

The principal goal of our study was to investigate the
temporal and spatial variation of different heavy metals in
the surface sediment and to evaluate their potential ecological
risks in two hydrologically connected lakes. We also examined
the interactions between heavy metals and environmental
variables to identify the primary driving factors. Our hypotheses
were that: (1) heavy metals show significant temporal and
spatial differences in sediments; and (2) different potential
ecological risks of heavy metals in two lakes although they are
hydrologically connected.

Materials and methods

Study area

Xingkai Lake basin (44◦ 30’ – 45◦ 30’ N, 132◦ 00’ – 132◦

50’ E) (Figure 1) is an important breeding area and migration
habitat for waterfowl, including Grus japonensis, Grus vipio,
and Ciconia boyciana (Jin and Zhai, 2006), with an open water
area of 4,190 km2 and a catchment area of 16,890 km2 (Sun
et al., 2018). Xingkai Lake is a typical semi-enclosed shallow
lake (mean water depth 3.5 m) and is characterized by frequent
strong winds and low water transparency (Yuan et al., 2021).
Xiaoxingkai Lake is an inland shallow lake (mean water depth
1.8 m) with a volume of 3.3 × 108 m3 water. These two lakes
are formed in a Cenozoic tectonic depression and divided by
a nature sandy ridge, and their hydrological connectivity is
controlled by floodgates. Large amounts of natural silt minerals
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were brought into the lakes by inflow rivers, leading to the
dominance of silt with a content ranging from 61.9 to 93.8%
in sediments (Sun et al., 2018). The climate is characterized
by a temperate continental monsoon, with below-freezing
temperatures from October to April. The annual precipitation
is 574 mm, up to 80% of which takes place from May to
September (Song et al., 2012). The annual water inflow into the
entire catchment is 55.68 × 108 m3, and the annual outflow is
17.2 × 108 m3. The main inflow coming from the Muling River
contributes more than 70% of the total inflows of Xiaoxingkai
Lake. The Song’acha River is the single outflow channel through
which the water of Xingkai Lake flows into the Ussuri River
(Jin and Zhai, 2006).

Sample collection and processing

According to the technical manual of lake ecology survey
(Huang, 2000), combined with the characteristics of geography
and surrounding environment in the study area, a total of 15
sampling sites were set up. Of all sampling sites, there were
nine sites (XCZH, X25L, XXKL, XHX, XDH, XYZ, XKK, XEZ,
and X31L) in Xiaoxingkai Lake and six sites (DBPZ, DLWZ,
DXKL, DBYT, DYZ, and DEZ) in Xingkai Lake, as shown in
Figure 1. Of these sites, X25L, X31L, XCZH, XDH, and XKK
were at irrigation channels that connected with Xiaoxingkai
Lake, XXKL was a tourism site with shipping activity, XYZ, XEZ,
DLWZ, DYZ, DXKL, and DEZ were near flooding gates between
Xingkai Lake and Xiaoxingkai Lake, DBPZ, and DBYT were
fishing sites, while XHX was at the center of Xiaoxingkai Lake.

Surface sediment (0–10 cm) samples were collected using a
grab sampler from each sampling site during the hydrologically
connected periods (May and September) and disconnected
period (January and July) in 2021 in Xingkai Lake and
Xiaoxingkai Lake, and then stored in sealed bags at -18◦C for
subsequent analysis. The collected sediment samples were dried
at 60◦C, and then crushed and homogenized using a ceramic
mortar and pestle. The ground samples were sieved through
a 2-mm-mesh screen for soil organic matter (OM) content by
loss-on-ignition method (Zhu et al., 2021) and through a 63-
µm-mesh screen for determination of heavy metals, including
Chromium (Cr), Copper (Cu), Zinc (Zn), Cadmium (Cd),
Arsenic (As), Mercury (Hg), and Lead (Pb).

All sediment samples were analyzed in the Analysis and
Measurement Center of Northeast Institute of Geography
and Agroecology, Chinese Academy of Sciences. Cd and Pb
were measured using an Inductively Coupled Plasma Mass
Spectrometer (ICP-MS, ICAP Qc, Thermo Fisher, Germany).
Concentrations of Cr, Cu, and Zn were determined by
Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES, Perkin-Elmer Corp., Norwalk, United States). As and
Hg were measured using Atomic Fluorescence Spectrometry
(AFS, AFS-9750, Haiguang Instrument Co., China). Soil total

TABLE 1 The values of GI and their indicated pollution levels.

Class Value Pollution level

0 GI ≤ 0 Practically uncontaminated

1 0 < GI ≤ 1 Uncontaminated to moderately contaminated

2 1 < GI ≤ 2 Moderately contaminated

3 2 < GI ≤ 3 Moderately to heavily contaminated

4 3 < GI ≤ 4 Heavily contaminated

5 4 < GI ≤ 5 Heavily to extremely contaminated

6 5 < GI Extremely contaminated

nitrogen (TN) was determined using the modified Kjeldahl
method (Kjeltec Auto Analyzer, Behr Labor Technik, Germany),
and soil total phosphorus (TP) was measured by alkali
fusion–Mo-Sb Anti spectrophotometric method with a UV–Vis
spectrophotometer (Lambda750, PerkinElmer, United States).

Assessment and homology analysis of
heavy metal pollution

The ecological risk and detected heavy metal contamination
were quantified in this study. The Geo-accumulation index (GI)
and Hakanson’s potential ecological risk index (PERI) were used
to spatially quantify the pollution status and potential threats
caused by heavy metal concentrations. Pearson correlation
coefficient and principal component analysis were used to
deduce the statistical relation of heavy metal homology.

Geo-accumulation index
Geo-accumulation index was proposed by Muller (1969),

which has been widely used to assess the pollution degree of
heavy metals in sediments and to determine the impact of
human activities on the environment. Therefore, it is considered
to be an important parameter to distinguish the concentration
level of heavy metals induced by human influence and nature
(Zhang P. et al., 2018; Liu et al., 2022). The index expression is
shown as Equation 1:

GI = log2(
Ci

1.5Bi
) (1)

In the equation, GI is the Geo-accumulation index of heavy
metals, Ci is the measured concentrations of heavy metals
in sediments, in mg·kg−1. Bi is the geochemical background
value measured in the deposition of heavy metals, and the
background values of soil heavy metals in Heilongjiang Province
are adopted. 1.5 is a constant that allows for variations
in background values possibly caused by diagenesis and
weathering (Loska et al., 2004). According to the GI value,
heavy metal pollution is divided into seven levels, ranging
from practically uncontaminated to extremely contaminated, as
shown in Table 1.
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FIGURE 1

Location of sampling sites in Xingkai Lake and Xiaoxingkai Lake.

Potential ecological risk index
The index of potential ecological risk is proposed by

Hakanson (1980), which simultaneously regards the heavy
metal concentrations in sediments, type of pollutant, level
of toxicity, and sensitivity of water bodies to heavy metal
pollution (Zhang P. et al., 2018), and thus is usually used
to comprehensively assess the potential impact of heavy
metals on lake ecosystems. Equation 2 is used to calculate
the ecological risk value of individual heavy metals in
sediments:

Ei = Ti × (Ci/Bi) (2)

Equation 3 calculates the comprehensive ecological risk of
heavy metals in sediments:

RI =
∑n

i = 1
Ei (3)

where RI is the comprehensive potential ecological risk index,
Ei is the individual potential ecological risk index of heavy metal
i. Ti is the toxicity coefficient of heavy metal i (Cr = 2, Cu = 5,
Zn = 1, As = 10, Cd = 30, Hg = 40, Pb = 5) (Yi et al., 2011).
Ci is the measured value of heavy metal i in the sediment. Bi is
the background value of heavy metal i in study area. Potential
ecological risk of heavy metals in sediments are divided into five
levels, and the specific classification is shown in Table 2.

Inverse distance weighted
Inverse distance weighted (IDW) method was applied to

simulate and predict heavy metal content based on the clear
spatial distribution of heavy metals in the surface sediment
as an exact interpolator, according to the consideration of
data characteristics, sampling site setting and literature data
(Chen et al., 2018). IDW interpolation uses a linearly weighted
combination of a set of sampling points to determine pixel
values for unsampled points (Haldar et al., 2020). Moreover,
IDW is a deterministic method for multivariate interpolation
of a known scattered set of points (Song et al., 2015), and
can process extreme values (outliers) in a data set to make a
comprehensive prediction of values in an unknown region (Wu
et al., 2021). The general IDW interpolation formula is shown in
Equations 4, 5:

Z (x) =
∑n

i = 1
wizi/

∑n

i = 1
wi (4)

wi = d−ui (5)

where Z(x) is the predicted value at an interpolated point x,
Zi is a known point, n is the total number of known points
used in interpolation, di is the distance between point i and the
prediction point, and wi is the weight assigned to point i. Greater
weighting values are assigned to values closer to the interpolated
point. Considering the distance increases with decreasing the
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TABLE 2 Classification of potential ecological risks according to Ei and RI values (Hakanson, 1980; Yi et al., 2011; Liu et al., 2021).

Ei Potential ecological risk for single regulator RI Ecological risk for all factors

Ei < 40 Low RI < 95 Low

40 ≤ Ei < 80 Moderate 95 ≤ RI < 190 Moderate

80 ≤ Ei < 160 Considerable 190 ≤ RI < 380 Considerable

160 ≤ Ei < 320 High RI ≥ 380 Very high

Ei ≥ 320 Very high

weight (Shepard, 1968; Chen et al., 2018), u is the weighting
power that determines how the weight decreases as the distance
increases.

Statistical analysis

The patterns of heavy metal composition in sediments are
visualized using non-metric multidimensional scaling (NMDS)
based on Bray-Curtis distance. Similar metal compositions were
grouped together on a two-dimensional NMDS diagram. Stress
values are used to determine the number of dimensions. A stress
value less than 0.1 is considered a good ordination of the data
(Stauffer et al., 2014; Yuan et al., 2018).

Principal component analysis (PCA) is widely applied
to identify the underlying factors and further explain their
structure and internal relationships through transforming
and rearranging correlated variables into a reduced set of
new independent, orthogonal components, which are called
principal components (PCs) (Gao et al., 2016). In this study,
PCA of all metals with the varimax rotation of the standardized
component loadings was conducted to distinguish the sources of
possible pollutions. The Kaiser–Meyer–Olkin test and Bartlett’s
test were performed to evaluate the validity of PCA, which
required that the Kaiser–Meyer–Olkin (KMO) values should be
more than 0.5 and Bartlett’s test be significant (<0.001). The
loadings in PCA illustrated the extent to which each original
variable contributes to the PCs. The association coefficients
between variables and factors reflect the degree of proximity
between them. Such proximity increases with the absolute value
(loading) of a coefficient.

Data-processing software Excel 2016, SPSS 26, and R
4.1.0 were used to conduct statistical analysis of data. IDW
interpolation method in Arcgis 10.2 was used to analyze spatial
differences of heavy metals across the study area. Pearson
correlation analysis was used to explore the relationships
between the physicochemical properties and heavy metals,
and one-way ANOVA and two-way ANOVA were applied to
identify significant spatial and seasonal differences of heavy
metals in sediments. Means ± standard errors of heavy
metal concentrations and environmental variables are reported
further. Significant results are reported at the 95% confidence
level (p < 0.05).

Results

Characteristics of heavy metals in the
sediment

The characteristics of heavy metals, TN, TP, and OM in the
sediment of Xingkai Lake and Xiaoxingkai Lake were shown
in Table 3. Average concentrations of metals in the surface
sediments were ranked by Cr > Zn > Pb > Cu > As > Cd > Hg.
Regarding to the coefficient of variation, the dispersion degree
of Zn was the smallest with a low CV value of 0.26, while Hg
showed the largest dispersion degree with a high CV value of
0.73. By contrast, the dispersion degrees of TN, TP, and OM
were relatively higher (one-way ANOVA, p < 0.05) compared
with those of heavy metals.

Cd, Cu, OM and TN showed significant spatial differences
(two-way ANOVA, p < 0.05) at all sampling sites, and the
significant temporal differences (two-way ANOVA, p < 0.01)
were observed in As, Cd, Cr, Hg, and TP from January to
September. However, the interaction of site and sampling time
had no effects on heavy metals and nutrients.

IDW spatial interpolation model was used to predict the
spatial distribution of heavy metals in sediments (Figure 2).
Taking the spatial distribution of metals as a whole, we found
that there were two different distribution trends of seven heavy
metals in two lakes. The spatial distribution trends of As, Cr,
Cu, and Pb were similar, showing low-high-low concentrations
distribution pattern from the western region to the eastern
region. By contrast, heavy metals of Cd, Hg, and Zn showed
higher concentrations in the western region compared to those
in the eastern region (one-way ANOVA, p < 0.05), especially
Cd (one-way ANOVA, p < 0.01). Besides, heavy metals in
Xingkai Lake showed significant difference compared with those
in Xiaoxingkai Lake (one-way ANOVA, p< 0.01), except Cu and
Zn.

Heavy metal compositions in the
sediment

The compositions of heavy metals in two lakes were
further explored using NMDS (Figure 3). In Xingkai Lake,
heavy metals in different months were mainly distributed
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TABLE 3 Characteristics of heavy metals (mg/kg), TN (mg/kg), TP (mg/kg), and OM (%) in sediments of Xingkai Lake and Xiaoxingkai Lake.

Cr Cu Zn As Cd Hg Pb OM TN TP

Min 28.58 3.12 18.21 2.58 0.050 0.0030 10.87 0.26 256.5 142.9

Max 262.3 28.05 90.73 14.35 0.21 0.14 58.86 31.93 12361 1989

Mean 60.31 11.80 47.17 9.21 0.13 0.040 19.09 3.26 1474 563.3

SD 36.34 5.35 12.19 2.66 0.040 0.030 6.72 5.67 2124 404.8

CV 0.60 0.45 0.26 0.29 0.30 0.73 0.35 1.74 1.44 0.72

Two-way ANOVA Site 0.092 0.031 0.10 0.39 0.00044 0.75 0.17 0.012 0.018 0.49

Time 0.00096 0.35 0.12 0.0011 0.0045 0.00010 0.067 0.39 0.33 0.00010

Time× Site 0.53 0.82 0.59 0.78 0.44 0.79 0.99 0.41 0.37 0.21

Two-way ANOVA was applied to examine the spatial and temporal differences of heavy metals, and the significant differences were represented by bold p value.

in the left lower quadrant. In contrast, heavy metals in
Xiaoxingkai Lake were mainly distributed in the right upper
quadrant. Thus, heavy metal compositions were divided into
two groups with low similarity between two lakes. Furthermore,
total heavy metal concentration in XXKL was relatively
higher than that in other sites (one-way ANOVA, p < 0.01,
Figure 4).

Meanwhile, heavy metal compositions were similar in
May, July, and September, whereas heavy metal composition
in January showed low similarity with other three months.
Comparing total heavy metal concentrations in four
months (Figure 4), we found that the total heavy metal
concentration was lower in July than that in other months
(one-way ANOVA, p < 0.05). Among the four months,
the standard deviation of total heavy metal concentration
was higher in January (one-way ANOVA, p < 0.05), and
the CV value further calculated in January was about
twice that of other months (CV value of January was 0.41,
May 0.20, July 0.24, and September 0.27, respectively),
indicating high spatial variation of heavy metals in
January.

Pollution and risk assessment of heavy
metals in sediments

Geo-accumulation index
The GI values of heavy metals in the sediment of each

sampling site are shown in Table 4. According to the spatial
variation of GI value, only the heavy metal Cr in XXKL was in
uncontaminated to moderately contaminated level. By contrast,
other sites were subject to uncontaminated levels. Overall, the
contamination level of heavy metals in Xiaoxingkai was higher
than that in Xingkai Lake (p < 0.05), except Pb. From the
perspective of temporal variation of GI value, the GI values
of Cr in January (0.059), Cd in May (0.004) and September
(0.208), and Hg in September (0.483) were determined to be
uncontaminated to moderately contaminated level, whereas
other heavy metals As, Cu, Pb, and Zn were at uncontaminated
level during the sampling time. In total, the contamination level

of heavy metals in September was higher than that in other
months (p < 0.05).

Potential ecological risk index
The PERIs of heavy metals showed significant spatial (one-

way ANOVA, p < 0.05) and temporal differences (one-way
ANOVA, p < 0.05) in the sediment of the study area (Table 5).
The temporal variation of individual potential ecological risk
and comprehensive potential ecological risk of Cd and Hg
showed that they were at moderate to considerable ecological
risk levels in May and September, and low ecological risk level in
January and July. While other metals were at low ecological risk
level during the sampling period. According to the variation of
Ei value, Cd and Hg were considered at moderate ecological risk
in most of the sampling sites, whereas other heavy metals As, Cr,
Cu, Pb, and Zn showed low ecological risks in all sampling sites.
In terms of RI value, most of the sampling sites were considered
at moderate risk (Table 5). The RI value was particularly higher
in XXKL with considerable ecological risk (one-way ANOVA,
p < 0.01), while DEZ, XDH, and XKK showed lower RI values
with low ecological risk in sediments compared to other sites
(one-way ANOVA, p < 0.01).

When taking all sampling sites apart into two lakes,
Xiaoxingkai Lake faced higher ecological risks compared with
Xingkai Lake in September (one-way ANOVA, p < 0.05).
In addition, the overall ecological risk in Xingkai Lake and
Xiaoxingkai Lake was lower in January and July than that in May
and September (one-way ANOVA, p < 0.05).

Pollution source identification

Correlations between metals and nutrition
elements

The correlations between heavy metals and nutrition
elements in sediments were visually expressed in Figure 5. Most
of heavy metals showed positive relationships with each other.
Cr showed strongly positive correlations with As (r = 0.578,
p < 0.05), Cu (r = 0.779, p < 0.001), Hg (r = 0.607, p < 0.05),
Pb (r = 0.772, p < 0.001), and Zn (r = 0.818, p < 0.001). Cu
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FIGURE 2

Spatial distribution of heavy metals in sediments in two lakes using IDW spatial interpolation model.

was strong positively correlated with As (r = 0.699, p < 0.01),
Hg (r = 0.724, p < 0.01), Pb (r = 0.901, p < 0.001), and Zn
(r = 0.658, p < 0.01). As was positively correlated with Hg
(r = 0.606, p < 0.05) and Pb (r = 0.736, p < 0.01). Zn showed
positive relationships with As (r = 0.585, p< 0.05), Hg (r = 0.748,
p < 0.01), and Pb (r = 0.624, p < 0.05). Meanwhile, Hg and Pb
had a strong positive correlation (r = 0.601, p < 0.05). However,
Cd showed no significant relationship with other metals or
nutrients.

Of all nutrition elements, OM was only strong positively
correlated with TN (r = 0.997, p < 0.001), whereas OM and TN
were not significantly correlated with any metals. By contrast,

TP showed strong positive correlations with heavy metals,
including Cr (r = 0.538, p < 0.05), Cu (r = 0.767, p < 0.001),
Hg (r = 0.755, p < 0.001), and Pb (r = 0.624, p < 0.05).

Principal component analysis of heavy metals
The results of PCA of heavy metal contents in sediments are

listed in Table 6. Firstly, the applicability of PCA was tested by
Kaiser-Meyer-Olkin (KMO) to verify the adequacy of the sample
and Barlett tests to examine the independence of each variable,
with the results that KMO of 0.611 (>0.5) and Barlett test value
of 0 (<0.05), indicating that the data is suitable for PCA.
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FIGURE 3

Ordination diagrams for non-metric multidimensional scaling of heavy metals in Xingkai Lake and Xiaoxingkai Lake in 4 months. The distance
between points represents the similarity degree in heavy metal composition. Metals in January, May, July, and September are enclosed by red,
orange, green, and black dotted lines. Metals in Xingkai Lake and Xiaoxingkai Lake are enclosed by pink and cyan circles. Stress = 0.026.

FIGURE 4

Total heavy metal concentrations in all sampling sites in January, May, July, and September.
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TABLE 4 The spatial and temporal variations of Geo-accumulation index (GI) value for heavy metals in sediments.

GI value

Cr Cu Zn As Cd Hg Pb

XHX −0.665 −2.607 −0.963 −3.465 −9.509 −10.580 −2.202

XCZH −0.522 −2.705 −0.990 −3.012 −9.881 −11.420 −2.155

X25L −0.732 −2.624 −0.865 −3.006 −9.448 −10.849 −1.961

XDH −1.001 −3.742 −1.580 −3.465 −10.099 −12.189 −2.327

XKK −1.144 −3.205 −1.251 −3.375 −9.567 −11.984 −2.336

X31L −0.138 −2.490 −0.866 −3.158 −9.900 −10.613 −2.124

XEZ −0.471 −2.528 −0.884 −3.176 −9.498 −10.740 −2.043

XYZ −0.596 −2.607 −0.956 −3.372 −9.847 −11.184 −2.113

XXKL 0.530 −1.967 −0.293 −2.856 −9.392 −10.342 −1.340

DBYT −0.639 −3.351 −0.716 −3.466 −9.255 −11.252 −2.699

DBPZ −0.932 −3.210 −0.819 −3.360 −8.923 −10.693 −2.280

DLWZ −0.881 −3.183 −0.808 −2.975 −9.016 −10.633 −2.338

DXKL −0.296 −3.353 −0.826 −3.330 −9.228 −11.019 −2.564

DYZ −0.458 −3.436 −0.844 −3.499 −9.293 −11.657 −2.576

DEZ −1.241 −3.786 −1.187 −3.559 −9.573 −12.134 −2.572

January 0.059 −1.304 −1.182 −0.625 −0.215 −0.494 −1.171

May −0.698 −1.213 −1.053 −0.100 0.004 −0.153 −0.681

July −0.964 −1.629 −1.365 −0.279 −0.233 −1.489 −0.976

September −0.801 −1.275 −1.095 −0.062 0.208 0.483 −0.925

The GI values were marked in bold if considered to be second (uncontaminated to moderately contaminated) or higher pollution degree.

TABLE 5 Potential ecological risk index (PERI) of heavy metals in sediments at different sampling months and sites.

Ei value RI value

Cr Cu Zn As Cd Hg Pb

XHX 1.892 3.606 0.638 10.904 42.096 69.628 3.948 132.712

XCZH 2.089 3.369 0.626 14.927 32.511 38.895 4.077 96.494

X25L 1.806 3.566 0.683 14.990 43.913 57.756 4.664 127.379

XDH 1.499 1.642 0.416 10.903 27.965 22.815 3.620 68.861

XKK 1.358 2.383 0.522 11.607 40.422 26.302 3.597 86.192

X31L 2.727 3.911 0.682 13.487 32.096 68.023 4.167 125.094

XEZ 2.164 3.809 0.674 13.326 42.402 62.297 4.406 129.078

XYZ 1.985 3.606 0.641 11.629 33.305 45.783 4.197 101.148

XXKL 4.333 5.620 1.015 16.633 45.644 82.098 7.172 162.515

DBYT 1.926 2.153 0.757 10.895 50.200 43.699 2.797 112.427

DBPZ 1.572 2.374 0.705 11.724 63.169 64.363 3.739 147.646

DLWZ 1.629 2.419 0.710 15.312 59.239 67.087 3.593 149.989

DXKL 2.444 2.150 0.701 11.977 51.130 51.328 3.072 122.802

DYZ 2.184 2.030 0.693 10.651 48.894 32.995 3.046 100.493

DEZ 1.269 1.593 0.546 10.216 40.262 23.713 3.054 80.652

January 3.925 3.323 0.675 8.202 33.464 39.985 3.130 92.704

May 1.843 3.312 0.721 14.213 44.772 54.712 4.814 124.387

July 1.537 2.425 0.582 12.362 38.293 21.381 3.812 80.392

September 1.722 3.099 0.702 14.370 51.997 83.846 3.951 159.687

The values of the comprehensive potential ecological risk index (RI) and the individual potential ecological risk index (Ei) of heavy metals were presented and were marked in bold if
considered to be moderate or a higher ecological risk.
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FIGURE 5

Pearson correlations between heavy metals and nutrition
elements in sediments. The color and size of all circles indicate
the strength of the correlations. The significant differences were
represented by *p < 0.05, **p < 0.01, and ***p < 0.001.

Based on the PCA result, the concentrations of As, Cd, Cr,
Cu, Hg, Pb, and Zn could be divided into a two-component
model, which accounted for 83.94% of all of the data variation.
The initial component matrix (F1) showed that As, Cr, Cu,
Hg, Pb, and Zn had strong positive loads and their values
were greater than 0.80 with a cumulative contribution rate of
64.21%, suggesting these metals were possibly derived from
similar sources. In the second component (F2, a contribution
rate of 21.35%), Cd showed much higher values than other heavy
metals (p < 0.05), indicating a notably different source for Cd
compared with other metals.

Discussion

Spatial and temporal distribution of
heavy metals

Consistent with a previous study in Taihu Lake
(Rajeshkumar et al., 2018), the significant seasonal difference
was observed in most of heavy metals, including As, Cd, Cr,
and Hg, which were selected as the priority control heavy
metals, due to their prevalently high concentrations in lake
sediments (Xu et al., 2017). On the one hand, the distinct
hydrodynamics in different seasons causes great difference
in sediment resuspension process, thus transforming metal
speciation from stable to labile fractions and changing the
content of heavy metals in sediments (Huang et al., 2012; Tang
et al., 2020). In fact, Xingkai Lake basin is freezing with weak
water fluidity under the ice in January, whereas Xingkai Lake
and Xiaoxingkai Lake showed strong hydrological connectivity

with high water flow velocity in May, July, and September.
On the other hand, consistent with Sun et al. (2019) that the
highest mean concentration of total heavy metals occurred in
the freezing period, resulting from the contribution of ice cover
to the accumulation of chemical substances in sediments, such
as anoxic condition and less bioturbation at the water-sediment
interface (Jansen et al., 2021). Moreover, the NMDS result of
heavy metal composition visibly distinguished January from
other months, which further confirmed the accumulation
characteristics of heavy metals in sediments in January.

As expected, heavy metals in Xingkai Lake showed
significant difference compared with those in Xiaoxingkai
Lake, with low similarity between two lakes. This may be
caused by their different sources of heavy metals, Xingkai
Lake is a transboundary lake receiving metal source from
both China and Russia, whereas Xiaoxingkai Lake is separated
from Xingkai Lake by a natural sandy ridge with main metal
source coming from surrounding farmland. Based on the IDW
spatial interpolation model, heavy metals showed noticeably
different variations in eastern, central, and western regions in
two lakes. Compared with the central and western regions, heavy
metal concentrations in the eastern region were relatively lower,
attributing to a large area of natural lacustrine marsh around
the eastern region with respect to pollutant retention function
compared to the great contribution of pollutant source from
large area of farmland in the western region. Particularly, total
heavy metal concentrations at a unique tourism site (XXKL)
were significantly higher (one-way ANOVA, p < 0.05) than
those in other sites in the Xingkai Lake basin, mainly due to
heavy fuel oil burning in the ship emissions during navigation
process (Wen et al., 2018).

Concentrations of As, Cr, and Zn were higher in lakes
compared with marsh, dry farmland and paddy in the Xingkai
Lake basin (Shi and Tian, 2020), indicating an enrichment effect
of these three metals via surface runoff. In comparison, Cu
showed lower concentrations in lakes, which may due to bio-
utilization and complex physicochemical processes along the
transmission pathway. Besides, Cd and Pb were relatively stable
in different land use types in the Xingkai Lake basin.

The chemical forms and mobility of heavy metals are
controlled by environmental variables, such as pH, redox
potential and nutrients (Kang et al., 2017). We found positive
correlations between most metals and TP, suggesting that
the sediment nutrients had a great influence on the metal
concentrations in the Xingkai Lake basin, which was consistent
with studies in other lakes (Zhang H. et al., 2018), may due
to high TP in the sediment in Xingkai Lake basin can reduce
the mobility of metals by forming new materials such as low-
solubility phosphates (Li et al., 2015). However, consistent with
previous studies (Li et al., 2015), the concentrations of most
metals showed weak correlations with OM and TN, indicating
that the variations in OM and TN did not play significant roles in
metal enrichment. Moreover, due to the dominance of silt with
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TABLE 6 Principal component analysis to distinguish the sources of possible pollutions with total variance explanation and component matrices of heavy metal concentrations in the sediment of
Xingkai Lake and Xiaoxingkai Lake.

Component Initial eigenvalues Extraction sums of squared loadings Rotation sums of squared loadings

Total % of variance Cumulative% Total % of variance Cumulative% Total % of variance Cumulative%

1 4.49 64.20 64.2 4.49 64.21 64.21 4.38 62.60 62.60

2 1.38 19.7 83.9 1.38 19.74 83.94 1.49 21.35 83.94

3 0.49 7.04 91.0

4 0.35 4.96 95.9

5 0.19 2.66 98.6

6 0.074 1.06 99.7

7 0.024 0.35 100

Component matrix Rotated component matrixa Component score coefficient matrix

F1 F2 F1 F2 F1 F2

Cr 0.88 -0.11 0.88 0.06 0.21 -0.041

Cu 0.92 -0.30 0.96 -0.12 0.24 -0.17

Zn 0.86 0.39 0.77 0.55 0.13 0.31

As 0.81 -0.058 0.80 0.097 0.18 -0.007

Cd 0.094 0.98 -0.094 0.98 -0.11 0.70

Hg 0.83 0.30 0.76 0.45 0.14 0.25

Pb 0.89 -0.29 0.93 -0.12 0.24 -0.17

Rotation method: varimax with Kaiser normalization. The “a” marked in the upper right represents rotation converged in three iterations. The bold values represent that the correlations between the extracted principal components and the original
variables are significant and > 0.8.
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low OM content in Xingkai Lake and Xiaoxingkai Lake, heavy
metals are less likely to be combined by coarse-grained particles
in the sediment (Maslennikova et al., 2012; Kang et al., 2017).

Heavy metals pollution and potential
risk assessment

Compared with most lacustrine sediments, such as Dianchi
Lake in southwest, Taihu Lake in eastern, and Jingbo Lake
in northeast China (Guo et al., 2015; Xu et al., 2017;
Li et al., 2022), heavy metal concentrations in Xingkai
Lake and Xiaoxingkai Lake were relatively lower, even
lower than grade I level in Chinese soil quality standards.
In recent years, the implementation of protection project
along the lakeshore, for instance, surrounding wetlands
restoration and sewage interception construction, can effectively
intercept pollutants from the process of migration and reduce
the risk of metal dispersal (Xu et al., 2017), and thus
leading to considerable heavy metal removal from exogenous
inflows in the Xingkai Lake basin. According to the GI
and PERI analysis, sampling sites in the Xingkai Lake
basin were at uncontaminated level and moderate ecological
risk, except for XXKL with a notably high GI value of
Cr and the highest RI value, indicating a considerable
ecological risk in this tourism site because of human tourism
behavior.

The overall heavy metal contamination level and ecological
risk in Xiaoxingkai were higher than those in Xingkai Lake
based on their GI and PERI values, mainly caused by the
direct discharge of domestic sewage from nearby villages
and agricultural wastewater from surrounding farmland to
Xiaoxingkai Lake, and then flow into Xingkai Lake after
reduction of heavy metal concentrations through adsorption,
precipitation and other processes. Furthermore, the PERI value
notably decreased with increasing lake surface area (Li et al.,
2022), indicating a relatively low ecological risk level in Xingkai
Lake which had a large area.

In terms of the temporal variations of GI and RI, the
contamination level and ecological risk of heavy metals in both
Xingkai Lake and Xiaoxingkai Lake in May and September
were higher than those in other months, because the intensive
agricultural activities and strong hydrological connectivity
throughout the whole basin carrying a large amount of mud
and sand in these two months that could elevate heavy metals
via sediment deposition. Hydrological connectivity coupled
with transport and transfer of heavy metals lead to distinctly
spatial differences of heavy metal distribution. Previous study
has found that Cd and Cr concentrations are higher in lakes
connected to the Yangtze River, whereas concentrations of Cu,
Zn, Pb, and As are higher in lakes disconnected with the Yangtze
River, resulting in enriched metal pollutants in connected
lakes, downstream and multi-branch (Luo et al., 2021). In

addition to the direct transfer of heavy metals, hydrological
connectivity also has indirect effects on heavy metals. For
instance, hypoxic effect and high concentrations of nitrogen and
phosphorus caused by hydrological connectivity can improve
the bioavailability and accelerate the biogeochemical cycling
of Cd and Zn (Liu M. et al., 2019; Niu et al., 2021).
Particularly, Cd and Hg concentrations in the sediment were
generally high with relatively high ecological risk levels due
to agricultural exploration and farmland irrigation system
construction in May and September, indicating an increase of
the Cd and Hg input flux into water in agricultural seasons
and may in turn leading a serious issue for human health
by bioaccumulation and biomagnification via the food chain
(Wang et al., 2016).

Source apportionment of heavy metals

High correlations between specific heavy metals in the
sediment may reflect similar levels of contamination and/or
release from the same sources of pollution (Yi et al., 2011).
According to PCA result, the elements, As, Cr, Cu, Hg, Pb,
and Zn were grouped together with strong positive loads
indicating that the anthropogenic sources of these heavy
metals were closely related in the sediment in the Xingkai
Lake basin. By contrast, Cd was separated from other heavy
metals, indicating a notably different source for Cd. Moreover,
compared with previous study in Xingkai Lake (Guo et al.,
2015), concentrations of Cr, Cu, Pb, and Zn synchronously
decreased in sediments associated with low ecological risk
level, but Cd concentration was remained at a high level
associated with relatively high GI value, indicating a high
potential eco-risk and high contaminated level of Cd now
and in the future that strongly correlated with the long-
term fertilizer application in this area (Shi and Tian, 2020),
and further confirmed the distinct sources for Cd and other
metals.

Heavy metals in sediments mainly come from natural
sources (for example, soil erosion and rock weathering) and
anthropogenic sources (for instance, industry, agriculture,
transportation and domestic sewage) (Xu et al., 2017; Zhou
et al., 2020). Metals of As, Cd, Cu, Pb, and Zn have been
widely used in phosphate fertilizer, pesticides, or fungicides to
control pests and diseases and promote agricultural production
in China (Yu et al., 2021; Liu et al., 2022). Cr belongs to
the iron group elements, which are easily combined with
soil oxides and is closely related to soil parent materials
(Sun et al., 2019). More than 80% of Hg originates from
industrial activities such as coal burning and petrochemical
production in China (Li et al., 2022). Cd is always considered
as the marker of unreasonable agricultural management, and
can be fixed and deposited into the sediment in the form
of carbonate or hydroxide complex at an alkaline condition

Frontiers in Ecology and Evolution 12 frontiersin.org

167

https://doi.org/10.3389/fevo.2022.1005194
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-1005194 September 8, 2022 Time: 15:59 # 13

Jiang et al. 10.3389/fevo.2022.1005194

(Liu et al., 2022; Miranda et al., 2022). Meanwhile, tourism may
increase heavy metal accumulation in sediments via heavy fuel
oil burning during the ship navigation process, particularly in
Cd (Wen et al., 2018). Notably, the study area is located in
an economically undeveloped region characterized by tourism
and agriculture but simple road networks. The industry in
the Xingkai Lake basin is dominated by coal mining, which
is mainly distributed in distant cities and their surroundings,
contributing negligibly to sediment metal accumulation via
atmospheric dust loading in the Xingkai Lake basin (Sun
et al., 2018). In addition, the measured concentrations of
Cd in this study were slightly higher than the background
values in soil in Heilongjiang Province, probably attributing
to the total emissions of Cd from anthropogenic sources.
On the contrary, other metals were comparable to or lower
than the background values in soil in Heilongjiang Province,
which could be derived from natural sources. Therefore,
the mixed sources of agricultural and shipping activities
had a great influence on the accumulation of Cd, while
As, Cr, Cu, Hg, Pb and Zn mainly came from natural
sources.

Conclusion

Our study presented an explicit analysis of spatial
distribution and temporal variation of heavy metals (As, Cd,
Cr, Cu, Hg, Pb, and Zn) in sediments of two hydrologically
connected lakes in the Xingkai Lake basin. Nutritional
components of TN, TP, and OM were also measured to
examine the influencing variables on heavy metals. Pollution
and ecological risk level and sources of metals were determined
based on multiple analysis methods. We found significant
spatial and temporal variations of heavy metals in relation to
human activities and hydrological connectivity in the basin.
Xingkai Lake and Xiaoxingkai Lake showed different heavy
metal compositions, and the distribution of each metal varied
from eastern to western regions in two lakes. Overall, the
contamination level and potential ecological risk of heavy
metals in two lakes were low, but relatively higher in the
small lake than those in the large lake based on the geo-
accumulation index and potential ecological risk index, mainly
caused by agricultural activities. In particular, the only tourism
site showed relatively a higher pollution level than other sites,
mainly due to heavy fuel oil burning in the ship emissions
during the navigation process. Besides, the contamination
level and potential ecological risk in May and September
were higher than those in January and July. Most of metals
showed strong relationships with TP in sediments, but not
TN and OM. Of all metals, Cd exhibited a high potential
eco-risk and high contaminated level, mainly coming from
agricultural and shipping activities. By contrast, other metals
with low concentrations mainly came from natural sources.

These findings are in accordance with our hypotheses, and
provide a clearer understanding of heavy metal variation
and pollution in hydrologically connected lakes. Therefore,
government regulators should make efforts to reduce the use
of heavy metal products (e.g., phosphate fertilizer, pesticides,
and fungicides) and regulate ship voyage to maintain lake
ecosystem sustainability.
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Deyeuxia angustifolia acts as an indicator of the changes in wetland ecosystems

and plays an important ecological role in their functions. Previous studies have

shown that the Tumen River Basin is of wide global interest as a transboundary

basin area with abundant wetland ecological resources. Despite the

implementation of wetland conservation measures in recent years, the

distribution area of D. angustifolia in this basin has been reduced due to

climate change and anthropogenic activities. Therefore, we used MaxEnt

and geographic information system to model a suitable habitat for this

species, simulated changes in the habitat, and applied Jackknife to assess

the influencing environmental variables. The Jackknife tests showed that

slope orientation, solar radiation in September, and total nitrogen were the

dominant environmental factors affecting the potential distribution of D.

angustifolia. Compared to the current distribution, the total area of land

highly and moderately suitable for this species will decrease in the 2050’s

and 2070’s, respectively, under two representative concentration paths (RCPs),

shifting the centroid of its suitable area and direction of wetland degradation to

the northeast. Our study of the projected potential distribution ofD. angustifolia

in the basin under future climate change could provide important information

for its conservation, management, sustainable use, and early warning to prevent

its extinction.

KEYWORDS

Deyeuxia angustifolia, Wetlands, suitability zones, maxent model, Tumen River Basin

OPEN ACCESS

EDITED BY

Chuanyu Gao,
Northeast Institute of Geography and
Agroecology, (CAS), China

REVIEWED BY

Guodong Wang,
Northeast Institute of Geography and
Agroecology, (CAS), China
Chunguang He,
Northeast Normal University, China

*CORRESPONDENCE

Guanglan Cao,
guanglancao@ybu.edu.cn

SPECIALTY SECTION

This article was submitted to
Conservation and Restoration Ecology,
a section of the journal
Frontiers in Environmental Science

RECEIVED 30 July 2022
ACCEPTED 01 September 2022
PUBLISHED 15 September 2022

CITATION

Zong J, Cao G, Jin X, Jin R and Zhu W
(2022), Potential distribution prediction
of Deyeuxia angustifolia in the Tumen
River Basin and analysis of major
impact factors.
Front. Environ. Sci. 10:1007662.
doi: 10.3389/fenvs.2022.1007662

COPYRIGHT

©2022 Zong, Cao, Jin, Jin and Zhu. This
is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Abbreviations: TRB, Tumen River Basin; AUC, Area under the curve; RCP, Representative
concentration pathway.

Frontiers in Environmental Science frontiersin.org01

TYPE Original Research
PUBLISHED 15 September 2022
DOI 10.3389/fenvs.2022.1007662

171

https://www.frontiersin.org/articles/10.3389/fenvs.2022.1007662/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.1007662/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.1007662/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.1007662/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.1007662&domain=pdf&date_stamp=2022-09-15
mailto:guanglancao@ybu.edu.cn
https://doi.org/10.3389/fenvs.2022.1007662
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.1007662


Introduction

D. angustifolia is a perennial saprophytic herb of the grass

family Wild Cycads, with a cold-temperate habitat (Mark et al.,

1993), growing mainly in mountain hinterland grasslands, forest

grasslands, and roadside and ditch-side wetlands at elevations of

680–2,300 m. It easily forms pure stands in seasonally flooded

swamps and wet grasslands (Zhang et al., 2014), and is a wet

mesophytic, clump-forming plant typical of meadows, and a

dominant species in wet meadow and swamp communities

(Hongwei et al., 1998). As D. angustifolia likes moist

environments, it grows well in wetland protruding towers and

highly humid locations, and has a wide range of moisture

adaptation, high drought tolerance, and a well-developed root

system, and can grow well in dry environments. It is mainly

distributed in the northeast of China, with the highest

concentration in the Sanjiang Plain (Zhou et al., 1992). D.

angustifolia is rich in nutrition, has high edible value, and can

provide high-quality forage for livestock (Lupo et al., 1991).

D. angustifolia grows easily in wet environments, which

gradually reduces the moisture of the wetland, further

enhancing the suitability of the environment for its growth.

The reduction of wetland moisture has been found to lead to

wetland degradation (Zhao et al., 2021), and previous studies

have suggested that IndVal values ≥0.5 indicate a degraded

wetland and that D. angustifolia can be an indicator of such

conditions (Xuemei 2019). The IndVal value of wetland

vegetation in the Tumen River Basin (TRB) is 0.628,

indicating that wetlands with high growth of D. angustifolia

may have a degradation risk. The degradation rate of wetlands is

mainly manifested in the change of the fitness zone of D.

angustifolia and also reflects the change in wetland health,

which plays an important role in wetland ecology. Therefore,

the changes in the growth status and fitness zone of D.

angustifolia are of great significance in predicting wetland

degradation.

The TRB is an important support area for the national

implementation of the “The Belt and Road1” strategy, with

diverse wetland types and rich species in the region (Jin

2019). In recent years, the TRB has been subject to climate

change and human interference, resulting in the gradual

degradation of wetlands in the basin and a significant

decrease (22.39%) in wetland area from 1,161.80 km2 in

1976 to 901.62 km2 in 2016, exhibiting an average annual

decrease of 6.50 km2 (Zhang H. et al., 2020). These changes

primarily occurred due to the rapid conversion of wetlands to

drylands and construction land, which poses a serious threat to

the ecological security of wetlands (Liu et al., 2021). This has led

to major issues, such as the decline in functional services of

wetland ecosystems and the loss of water-holding capacity.

Therefore, this study examines the changes in the habitat area

of D. angustifolia, which are useful for monitoring the status and

rate of wetland degradation in the region (Yang et al., 2020). In

addition, it provides a scientific and theoretical basis for the

future conservation of wetland species and the stable

development of wetland ecosystems in the TRB.

In this study, data from 42 sampling sites, soil data from

the same sites, and environmental data under the current and

future BCC-CSM1-1 models (Simulation of RCP2.6,

8.5 scenarios) combined with the MaxEnt model were used

to investigate and predict the distribution of suitable areas for

D. angustifolia. The specific objectives of this study are to 1)

observe the current distribution of D. angustifolia habitats in

the TRB and predict the future distribution of their habitats in

the basin in the 2050’s and 2070’s using the RCP2.6 and

RCP8.5 models; 2) determine the overall changes in their

habitat area in the TRB by predicting these changes from the

present to 2050–2070; 3) determine the direction and distance

ofD. angustifolia habitat development by shifting the center of

mass of their habitat; and 4) determine the main

environmental factors affecting the distribution of D.

angustifolia habitat, and provide a reasonable basis for

predicting the degradation of wetlands in the TRB to

achieve healthy and sustainable development of these

wetland ecosystems.

Materials and methods

Study area

The TRB is located in the cross-border area of China, North

Korea, and Russia, bordering Russia to the east and North Korea

to the south, with geographic coordinates of 41°59′N–44°30′N,
127°27′E–131°18′ E. The basin and wetland areas are

22616.14 and 191.20 km2, respectively (Zhang Y. et al., 2020).

This area is in the middle temperate humid monsoon climate,

with an average annual temperature of 5.9°C, maximum and

minimum average temperatures of 36°C and −32°C, respectively,

and average precipitation of 551.7 mm (Zhu et al., 2014). The

TRB has various types of wetland ecosystems with rich wetland

resources and high biodiversity, as well as a transient habitat for

endangered migratory birds and various rare plants and animals,

making it one of the most important territories for maintaining

biodiversity in Northeast Asia (Zheng et al., 2017).

Data source

Distribution data for July–September 2017 were obtained

from 42 D. angustifolia sample sites within the TRB wetland

patches (Figure 1), including 14 forested swamp,

13 herbaceous swamp, 7 riverine, 6 scrub swamp, and

2 artificial wetlands. Soil factor data were obtained from

wetland soil samples collected in the field during the same

period at a depth of 0–20 cm. The samples were placed in vinyl
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self-sealing bags and recorded with numbers (numbers were

consistent with the vegetation collection numbers). The water

content was measured through the drying method, the pH was

measured using an acidity meter, the soil total nitrogen was

determined through the sulfuric acid-perchloric acid

digestion-semi-micro Kjeldahl method, the soil total

phosphorus was determined through the sodium hydroxide

fusion-molybdenum antimony anti-colorimetric method, and

the soil total potassium was determined through sodium

hydroxide fusion. The measured surface soil data were

screened and the abnormal values were rejected in SPSS.

The topographic factors studied included the elevation,

slope, and slope direction, and the elevation data were the

actual measured (GPS) data of the sample site at that time.

Both the slope and slope orientation were obtained from

Digital Elevation Model (DEM) data by spatial extraction

and analysis (http://www.gscloud.cn/), and the resolution of

the DEM data was 30 m × 30 m. The climate database for

current and future scenarios was downloaded from the

WorldClim database (http://world clim.org/) and included

19 bioclimatic variables (numbered in order bio1-bio19)

and 30 monthly meteorological factors (Qingliang et al.,

2017), with the downloaded climate data at a resolution of

30´ × 30´. To reduce covariance, principal component analysis

(Table 1) was performed on the 19 biometeorological factors

and a Pearson correlation test was performed with the

30 monthly meteorological factors (Xiao-Ge et al., 2013).

According to the correlation results (Figure 2),

FIGURE 1
Study area and distribution points of Deyeuxia angustifolia.

TABLE 1 Principal component analysis of 19 climate factors and eigen
values of each variable.

Variables Eigen vectors

PC1 PC2

BIO1 (Annual mean temperature) −0.012 −0.006

BIO2 (Mean diurnal range) 0.002 0.011

BIO3 (Isothermality) 0.006 0.004

BIO4 (Temperature seasonality) −0.273 0.924

BIO5 (Max. temperature of the warmest month) −0.012 0.009

BIO6 (Min. temperature of the coldest month) −0.007 −0.027

BIO7 (Temperature of annual range) −0.005 0.036

BIO8 (Mean temperature of the wettest quarter) −0.013 0.006

BIO9 (Mean temperature of the driest quarter) −0.007 −0.018

BIO10 (Mean temperature of the warmest quarter) −0.013 0.006

BIO11 (Mean temperature of the coldest quarter) −0.007 −0.018

BIO12 (Annual precipitation) 0.663 −0.013

BIO13 (Precipitation of the wettest month) 0.190 0.088

BIO14 (Precipitation of the driest month) 0.007 0.001

BIO15 (Precipitation seasonality) 0.012 0.059

BIO16 (Precipitation of the wettest quarter) 0.473 0.250

BIO17 (Precipitation of the driest quarter) 0.030 0.003

BIO18 (Precipitation of the warmest quarter) 0.473 0.264

BIO19 (Precipitation of the coldest quarter) 0.030 0.003

Contribution rate (%) 60.99 36.04

Cumulative contribution rate (%) 60.99 97.03
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environmental variables with correlation coefficients of >0.
8 were excluded, and the final selection of 16 environmental

variables, which were identified as the final modeling data, are

listed in Supplementary Table S1.

MaxEnt model prediction and result
evaluation methods

The distribution data of D. angustifolia in the TRB with

topographic, climatic, and soil data were input into the

MaxEnt model to predict the potential distribution areas of

the leaflet chapter; 75% of the data were randomly selected as

training data to train the model, and the remaining 25% of the

data were used as the evaluation subset (testing data) to

validate the model (Ye et al., 2019). The evaluation of the

model-related performance was conducted using the area

under the receiver operating characteristic curve (AUC),

and the average training AUC value was automatically

calculated when the MaxEnt model was repeatedly run

10 times. The AUC value of the training data was generally

between 0 and 1, and the prediction results converged to

1 infinitely, indicating better prediction results (Luo-rong

et al., 2007). The AUC evaluation criteria were: 0.5–0.7,

low accuracy; 0.7–0.8, average accuracy; 0.8–0.9, good

accuracy; and >0.9, very good accuracy (Jessica et al.,

2014). Ten iterations were performed for the MaxEnt

model and the logical output format.

Jackknife analyses to validate the
influence of environmental variables

Jackknife validation built the model by sequentially using

and excluding one environmental variable until all

environmental variables were used. The importance of the

environmental variables was expressed as the regularized

training gain, test gain, and AUC value results. The

Jackknife test used bioclimatic variables sequentially to

exclude certain ones while building the model and provided

three checks: regularized training gain, test gain, and AUC

value (Wang et al., 2021). The results were used to measure the

importance of the environmental variables (Zhang H. et al.,

2020). The knife-cut method was chosen to assess the

contribution of environmental variables and thresholds to

the potentially suitable areas for D. angustifolia within

the TRB.

Species suitability division

The suitability index of D. angustifolia was classified using

the manual grading method in the reclassification tool in ArcGIS

10.8 software (Yixin 2021). In the statistical principle, when p <
0.05, the probability of D. angustifolia distribution is small and

the occupied area is not suitable for its growth; the closer the

value to 1, the greater the probability of D. angustifolia existence

and the more suitable the occupied area is for its growth. The

FIGURE 2
Results of correlation analysis of 49 environmental factors.
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remaining possibilities were classified as: 0.05–0.1, low suitability;

0.1–0.5, medium suitability; and >0.5, high suitability (Guojun

et al., 2012). Different suitability classes were calculated in the

ArcGIS 10.8 spatial analysis module (SDM toolbox) (Brown

2014; Che et al., 2014). In addition, the changes in the area of

D. angustifolia fitness zones between the present and 2050’s or

2070’s were compared in ArcGIS 10.8, as well as the changes in

the area conversion of fitness zones under different climate

change scenarios in the future.

Results

MaxEnt model prediction result accuracy
evaluation

In this study, the accuracy of the results predicted by the

MaxEnt model was tested using the receiver operating

characteristic curves, and the working characteristic curves of

the simulation results based on 10 iterations of objects are shown

FIGURE 3
Receiver operating characteristic curve and area under the curve value of potential distribution prediction results of Deyeuxia angustifolia.

FIGURE 4
Distribution map of current ecological suitability of Deyeuxia angustifolia.
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in Figure 3. The AUC value of the MaxEnt prediction results was

0.807, which was significantly larger than that of the random

prediction distribution model. This indicates that the MaxEnt

model prediction results were “very good” and reliable in

simulating the D. angustifolia distribution area of TRB.

Present and future changes in the suitable
area of Deyeuxia angustifolia in Tumen
River Basin

The predicted potential distribution ofD. angustifolia is shown in

Figure 4; the larger the value shown in the result, themore suitable the

area is for the survival of D. angustifolia. In increasing order of

suitability, the high-suitability areas of D. angustifolia are mainly

located in the northwestern part of the upper Tumen River, the

western part of the middle Tumen River, and the eastern part of the

lower TumenRiver.D. angustifolia serves as an indicator for degraded

wetlands, so the degradation rate of wetlands in the lower reaches of

the TRB is much greater than that in the upper andmiddle reaches of

the Tumen River, and is mainly concentrated in the eastern and

western parts of TRB. The high-fitness zone of D. angustifolia is

mainly located at the intersection of rivers and forest swamps, and

near paddy fields in the eastern and western areas of the TRB, where

the rate of wetland degradation is faster. The area and proportion of

suitable areas in the TRB are as follows: high suitability—2,268.40 km2

(10.03%); medium suitability—12,027.26 km2 (53.18%); low

suitability—3,485.15 km2 (15.41%); non-suitable—4,835.33 km2

(21.38%).

Future suitable area of D. angustifolia

Compared with the current climate, the distribution and area

of the fitness zone of D. angustifolia in the 2050’s and 2070’s

under the future climate change scenarios are different,

according to the MaxEnt model simulation (Figure 5), area

change (Table 2), and ArcGIS calculation results. The results

show that the predicted future distribution in the 2050’s will be as

follows: the non-suitable zone in the TRB will be 8,059.66 km2

(35.64%), the low-suitability zone will be 3,651.75 km2 (16.15%),

the medium-suitability zone will be 9,306.55 km2 (41.15%), and

FIGURE 5
Distribution map of future ecological suitability of Deyeuxia angustifolia.
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the high-suitability zone will be 1,598.17 km2 (7.07%). In the case

of high concentration using the RCP8.5 model, the non-suitable

zone in the TRB will be 7,759.8 2 km2 (34.31%), the low-

suitability zone will be 3,705.58 km2 (16.38%), the medium-

suitability zone will be 9,663.0 8 km2 (42.73%), and the high-

suitability zone will be 1,487.67 km2 (6.58%).

The results for the predicted future distribution in the 2070s

are as follows: the non-suitable area in the TRB will be

7,711.92 km2 (34.10%), the low-suitability area will be

3,704.44 km2 (16.38%), the medium-suitability area will be

9,559.28 km2 (42.27%), and the high-suitability area will be

1,640.51 km2 (7.25%). At the high concentration using the

RCP8.5 model, the non-suitable zone in the TRB will be

7,697.22 km2 (34.31%), the low-suitability zone will be

3,685.37 km2 (16.38%), the medium-suitability zone will be

9,599.45 km2 (42.73%), and the high-suitability zone will be

1,634.09 km2 (6.58%). Compared to the current fitness zone,

the area of the future fitness zone will also mainly be

concentrated in the medium-fitness zone, and the area of the

high-fitness zone will slightly decrease, reducing the degree of

fragmentation and indirectly leading to a reduced risk of wetland

degradation.

Future predicted area change and center
of mass shift of Deyeuxia angustifolia in
Tumen River Basin

The model simulations (Figure 6 and Table 3) showed that

the area of the suitable zone of D. angustifolia in the TRB in the

future under both RCP2.6 and RCP8.5 scenarios showed a

decreasing trend, and the rate of decrease in the suitable area

was greater than the rate of increase. Compared to the original

area, using the RCP2.6-RCP8.5 scenario in the 2050s, the

unsuitable area showed the same decreasing trend, and was

29.45 km2 (0.13%), and the continuously decreasing area and

the same unchanged increasing area were 271.39 km2 (1.2%). In

the 2070’s, fromRCP2.6 to RCP8.5, the non-tolerant area showed

the same decreasing trend and the same continuously increasing

area of 88.2 km2 (0.39%), and the same continuous decreasing

area and the same unchanged increasing area of

508.86 km2 (1.2%).

Under the RCP2.6 scenario, the unsuitable area showed a

decreasing trend from the 2050’s to the 2070’s of 61.12 km2

(0.27%); the continuous decrease was 287.22 km2 (1.27%).

Under the RCP8.5 scenario, the unsuitable area showed the

same decreasing trend of 119.87 km2 (0.53%); the continuous

decrease was 524.69 km2 (2.32%). Changing RCP2.6-RCP8.5 for

different scenarios, the unsuitable area forD. angustifolia showed

a decrease and the area of tolerable zones increased. Thus, the

increase in temperature will accelerate the growth and spread of

D. angustifolia, to some extent. However, the reduction in the

area of the tolerant zone was much greater than the increase;T
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therefore, the overall change in the area of the tolerant zone of D.

angustifolia was negative.

In the climate change scenarios, the fitness zone of D.

angustifolia in the TRB shifted to the east. In the 2050’s, the

center of mass moved 4.68 km to the northeast in the future

RCP2.6 scenario and 3.99 km to the northeast in the

RCP8.5 scenario. In the 2070’s it moved 4.19 km to the

northeast in the RCP2.6 scenario, 5.93 km to the northeast in

the RCP8.5 scenario, and 5.93 km to the northwest in the

RCP2.6 scenario. From 2050 to 2070, the center of mass of

the fitness zone is predicted to shift 0.83 km in the northwest

direction in the RCP2.6 scenario and 2.49 km in the northeast

direction in RCP8.5 scenario (Figure 7; Supplementary Table S2).

Analysis of environmental impact factors
in Deyeuxia angustifolia suitable area

Based on contemporary environmental data, total nitrogen,

slope direction, and elevation were found to have a significant

influence on the habitat ofD. angustifolia, with contribution rates

of 23.7%, 20.1%, and 13.1%, respectively. Jackknife analysis was

used to determine the importance of the environmental factors in

predicting the results. The three variables with the highest

regularized training gain, test gain, and AUC values were the

slope direction, elevation, and total nitrogen when simulated

with individual variables only. The results of the Jackknife

analysis showed (Figure 8) that these environmental factors

contained valid information that other variables did not have,

and had important effects on the current distribution of

potentially suitable areas for D. angustifolia. When combining

the effects of the model simulations and Jackknife tests, soil

factors accounted for 36.0%, climate factors for 16.1%, and

topography factors for 47.9% (Supplementary Table S3).

Overall, soil and topographic factors were the dominant

factors influencing the potential distribution of D. angustifolia.

Discussion

Current distribution of suitable habitats for
D. angustifolia

The study results showed that the high-suitability area for the

growth of D. angustifolia was distributed in the eastern and

western areas of the TRB near the intersection of rivers, forest

FIGURE 6
Changes of Deyeuxia angustifolia in the suitable area of the Tumen River Basin under different climate change scenarios.
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swamps, and paddy fields. Such areas are more seriously degraded;

combined with the spatial changes of wetlands in the TRB between

1976 and 2016, wetlands show an overall trend of shrinkage, with

the most serious shrinkage seen in rivers and swamp wetlands, of

which swamp wetlands are more degraded. The degradation rate

of paddy fields has also increased significantly (Hua 2019), which is

consistent with the findings of this study that indicate that wetland

degradation will appear first in the high-suitability area of D.

angustifolia, such as rivers and forest swamps. Paddy fields are

generally subject to greater amounts of human activity due to their

proximity to residential areas and rivers, and the rate of

degradation is closely related to it (Chen 2008). The high-

suitability area of D. angustifolia is greater downstream and

decreases upstream because the topography of the TRB is high

in the west and low in the east. The west is more prone to soil

erosion, which will accelerate the reduction of wetland moisture

and intensify degradation (van Lent et al., 2019). The eastern area

of the Tumen River is mainly located in Hunchun City in the

Yanbian Korean Autonomous Prefecture. The wetland area in this

region is extensive, the downstream and midstream show mild

degradation, and the upper reaches are subhealthy, which is

consistent with the study results (Jin et al., 2019).

Future area change and plastid shift in D.
angustifolia

In all future climate scenarios, global climate change greatly

affects the distribution of species, leading to the expansion,

shifting, and contraction of the fitness zone of populations

(Sales et al., 2019). D. angustifolia is more sensitive to the

effects of CO2, with high-fitness zones decreasing with

increasing CO2 concentrations, indicating that overall, high

CO2 concentrations inhibit the growth of D. angustifolia.

Mingyi (2015) found that high CO2 concentrations caused a

decrease in the internal index of D. angustifolia, which had a

significant impact on its ability to carry out photosynthesis and

reduced its normal growth rate, which is consistent with the

results of this study. The reduction in the area of D. angustifolia

over the next 20 years resulted in an increasing trend in

wetland area. An improvement in wetland ecosystems may

be due to the decline in small-leaved camphor. Conversely,

degradation of wetlands may lead to increased infestation of

this camphor species. Therefore, changes in small-leaved

camphor and wetland development are closely linked and

may have a constraining effect on the D. angustifolia

species. The increase in wetland area of 1780.83 ha found by

Zhang Y. et al. (2020) slowed down the rate of degradation in

the area and mitigated the current situation of wetland

degradation to some extent. According to different emission

scenarios from 2050 to 2070, the overall migration route of the

center of mass gradually shifted towards the northeast, which is

consistent with the trend of migration of species fitness zonesT
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to higher latitudes in the context of global climate change

outcomes (Zhang et al., 2018).

Influencing factors affecting the change of
suitable habitat in Deyeuxia angustifolia

According to the environmental factors predicted by the

model, the most important factor affecting D. angustifolia is total

nitrogen, which is one of the factors affecting the species

composition, diversity, and nutritional conditions, as the

enrichment of nitrogen changes the content of soil nutrients

(Fu et al., 2014). Numerous studies have found that the increase

in nitrogen promotes the growth of D. angustifolia, increases its

productivity, and enhances its competitiveness (Jin et al., 2016),

making it a dominant species in the environment, which is

consistent with the results obtained in this study. The second

dominant factor affecting the growth of D. angustifolia is the

FIGURE 7
Variation in suitable areas of Deyeuxia angustifolia in the Tumen River Basin.

FIGURE 8
Contribution rate diagram of environmental factors based on Jackknife.
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slope direction. Found that the disturbance of the slope affects

the distribution of vegetation (Shengwei 2014). The third factor is

altitude, and D. angustifolia is prone to growing at high altitudes,

but is less prevalent at low altitudes, which is consistent with the

observations of Luo et al. (2008).

This result is highly consistent with the expectations of this

study, after considering anthropogenic improvements as well as

restoration of the natural state of the wetland ecosystem. The

improvement of the wetlands in the future can also demonstrate

the effects of implementing wetland conservation measures and

the extremely important role of public intervention. However,

the Jackknife analysis showed that, in addition to the great

influence of total nitrogen and slope direction on leaflets, the

solar radiation in September also had a high rate of influence on

the distribution of D. angustifolia, albeit not as high as that of the

slope direction. These results indicated that soil warming

promoted the growth of D. angustifolia, and, under the same

environmental conditions, the higher the heat, the more lush the

plant. However, the response of D. angustifolia physiology to soil

temperature was more obvious under flooded conditions than

under unflooded conditions (Dou et al., 2009). Furthermore, the

increase in temperature and decrease in water increased the

growth of D. angustifolia and accelerate the degradation of

wetlands (Hou et al., 2013). Therefore, D. angustifolia, as a

representative plant of wetlands, can provide a basis for

research on wetland conservation and utilization, as well as

wetland restoration.

Future prospects

In this study, the prediction of the potential distribution ofD.

angustifolia depends mainly on the data of its distribution points

and of the surrounding environmental factors in the TRB. The

evaluation of habitat suitability based on these data provides

valuable information and theoretical reference for the

determination of suitable areas for D. angustifolia in the TRB

in the future (Soilhi et al., 2022). The distribution data of D.

angustifolia were obtained from actual field vegetation

community surveys; however, some distribution points were

difficult to reach due to various reasons, which can affect the

distribution and number of sampling points. Other

environmental factors, such as soil characteristics, topography,

land use, and biotic interactions, also impact the potential

geographic distribution of the species (Abolmaali et al., 2018)

and require multiple validations. This also significantly impacts

the improvement of model accuracy owing to the lack of specific

requirements on the number of factors and the selection and

quantification of human interference factors, such as fast-acting

nutrients, enzyme activity, microbial activity, etc. Future studies

should consider actual measurement data and other local

adaptation and microclimate factors (Ngarega et al., 2021) to

improve the accuracy of the model and facilitate better prediction

of species distribution models. In addition, RCP of climate

change scenarios have low spatial resolution with no standard

scale of analysis. Therefore, later stages of these scenarios should

be analyzed with more accurate resolution to increase the

simulation accuracy. RCPs have been proposed globally by the

IPCC and they can represent future climate change under

different conditions and scenarios. However, the TRB in this

study is located along the borders of China, North Korea, and

Russia; thus, future studies should consider reducing the scale of

RCP to improve accuracy.

Conclusion

The main objective of this study was to investigate the

influence of environmental factors and climate change on the

habitat area of D. angustifolia in the TRB, and to provide

scientific reference for the degradation range of wetlands and

reasonable wetland construction in the TRB. In this study, the

MaxEnt model was used to determine the current distribution of

the habitat of D. angustifolia and the key environmental factors

affecting its distribution, predict the distribution and area

changes of the habitat range in future years, accompanied by

different future scenarios, and derive the process of the

movement of the heart of the habitat range in the TRB. The

main findings of the study are as follows:

1) Approximately 2,268.40 km2 (10.03%) of the high-fitness area

of D. angustifolia in the TRB is mainly located in the

northwestern part of the upper Tumen River, followed by

the western part of the middle Tumen River, and the eastern

part of the lower Tumen River. These areas are mainly in the

eastern and western parts of the TRB, near the intersection of

rivers, forest swamps, and paddy fields.

2) The moderately suitable area of D. angustifolia accounted for

the main distribution area of the whole TRB area, and the

high-suitability area showed an increasing trend with

decreasing fragmentation. In the future, the habitat area of

D. angustifolia in the TRB under both RCP2.6 and

RCP8.5 scenarios will tend to decrease, and the center of

mass of the habitat as a whole will move to the east.

3) Soil and topographic factors are the dominant factors

influencing the potential distribution of D. angustifolia,

among which slope direction, solar radiation in September,

and total nitrogen are the three environmental factors that

have the greatest influence.

In recent years, owing to the implementation of relevant

management measures, the wetland ecological environment has

improved, and the degradation area as well as rate have

decreased. However, wetland degradation continues to occur

every year. Based on the findings of this study, future studies

should undertake strict monitoring of the area identify the
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relevant negative changes in a timely manner, and implement

measures to reduce the degradation rate and area, to the

maximum possible extent. This is necessary to protect the

wetland ecological environment of the TRB and reduce the

negative impacts of the increase in species.
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The Sanjiang Plain includes the largest freshwater marsh in China, playing an

important role in regional carbon cycle. As an important indicator of carbon

cycle, the net primary productivity (NPP) is a crucial index for estimating the

carbon storage of marshy wetlands. Investigating the association between

climate factors and NPP variation quantitatively is of great significance for

estimating carbon sequestration of marsh. Based on NPP data and climatic

data from 1954 to 2014, the spatiotemporal change of NPP in marsh area

was analyzed and its association with climate factors was investigated in

the Sanjiang Plain in this study. The results indicated that the NPP showed

an increase trend in the marsh area of the Sanjiang Plain in the past six

decades. Temperate growth made the largest contribution to the NPP increase

among the main climate factors in the last six decades, followed by CO2

concentration. Solar Radiation had the largest explanatory power on the

spatial distribution of NPP among three climate factors before 1985. After

1985, temperature played an important role in leading the NPP distribution.

Results also showed that the explanatory power of interactions between

climate factors was stronger than that of single factor. Our results highlight

the asymmetric effects of interactions between climate factors on marsh

vegetation, which should be adequately considered in estimating carbon

sequestration in marsh area in the Sanjiang Plain.

KEYWORDS

net primary productivity, marsh, the Sanjiang Plain, climate change, geographical
detection method

Introduction

Wetlands are regions with low-level water, which are usually covered by vegetation
during growing season (Vivian et al., 2014; Marthews et al., 2022). As the kidneys of
the Earth, wetlands play an important role in biogeochemical cycle (Tercero et al., 2017;
Xiao et al., 2019; Deng et al., 2022). Wetlands provide a lot of ecosystem service values
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for mankind such as water conservation, biodiversity
maintenance, coastal protection, water purification and
flood mitigation (Yan and Zhang, 2019; Thomaz, 2021; Monge-
Salazar et al., 2022; Tong et al., 2022). It is estimated that
wetlands store 20–30% of the earth’s carbon soil pool while
covering only approximately 5–8% of the world’s land surface
(Mitsch and Gosselink, 2000; Roulet, 2000). Wetlands are good
natural environments for separating and storing carbon from
the atmosphere, due to their anoxic and humid conditions
(O’Connor et al., 2010; Dargie et al., 2017). Net primary
productivity (NPP) refers to the difference between the total
amount of organic matter accumulated by green vegetation
in the ecosystem through photosynthesis and the cumulative
respiration per unit time. NPP, a significant indicator of carbon
cycle, is the basis of the energy and material cycle of the
ecosystem, which is related to the carbon fixation capacity of
the ecosystem (Brouwers and Coops, 2016; Xiao et al., 2019).
Studies have indicated that climate variation can influence
vegetation coverage, growth conditions and growing season
duration, leading to NPP variation and the subsequent carbon
cycle (Brouwers and Coops, 2016; Li et al., 2018; Sun et al.,
2022). Therefore, it is of great significance to investigate the
effects of climate change on NPP variation in wetland areas
quantitatively.

As one of the driving factors of vegetation growth (Schimel
et al., 2000; Cao et al., 2022b; Ren et al., 2022), climate is
influenced by land use and land cover changes (LUCC), and vice
versa. Generally, climate warming enhances vegetation growth
globally, with negative impacts in low latitudes (Shestakova
et al., 2019; Madani et al., 2021; Cao et al., 2022b; Chen et al.,
2022; Qiu et al., 2022). Additionally, increased precipitation
would promote vegetation growth in water-limited regions.
Accordingly, vegetation greening could produce biophysical
feedback to climate, such as increase of evapotranspiration,
surface cooling (Davin and de Noblet-Ducoudre, 2010). Climate
changes are expected to act critical roles in the spatiotemporal
patterns of vegetation growth. Previous studies usually focus
on the response of vegetation growth on single climate
factor (Brouwers and Coops, 2016; Madani et al., 2021; Chen
et al., 2022), ignoring the response of vegetation growth on
interactions between the dominate climate factors.

Although the effects of climate changes on vegetation
NPP variation have become hot topics in the field of global
change, most of which focus on forest, agriculture or grassland
ecosystems (Schimel et al., 2000; Zarei et al., 2021; Cao et al.,
2022a; Ji et al., 2022). Few studies investigated the response of
NPP variation to climate change in wetland ecosystem, which
has a unique environmental condition (Mao et al., 2014; Caplan
et al., 2015; Wang et al., 2022). Due to the anoxic and humid
condition, there are obvious differences in the effect of climate
change on vegetation between wetland and other ecosystems
(Zhang et al., 2016; Shen et al., 2019; Wang et al., 2022). Marsh is
the main type of wetlands, playing an important role in carbon

sequestration (Shen et al., 2021). Therefore, clarifying the effect
of climate change on marsh NPP is crucial for assessing regional
carbon storage and understanding carbon cycle. However,
the quantitative association between climate change and NPP
variation in marsh area remains poorly understood.

The Sanjiang Plain includes the largest freshwater marsh
distribution area in China, which has also experienced intense
human activities in the past decades (Wang et al., 2015; Yan,
2020). As a dominant type of wetlands in the Sanjiang Plain,
marsh provides important ecosystem services (Wang et al.,
2015; Yan and Zhang, 2019). And vegetation is crucial for
carbon sequestration in the Sanjiang plain marshy wetland.
Liu et al. (2015) estimated the NPP changes of Calamagrostis
Angustifolia marsh at Fujin City in the Sanjiang Plain under
IPCC SRES emission scenarios and found that increase of
CO2 concentration and temperature have a positive impact on
the vegetation growth of wetland vegetation (Liu et al., 2015).
Additionally, the effect of precipitation on NPP vegetation was
more significant than that of temperature. Mao et al. (2014)
found that human activities caused a loss of 84 gC m−2 yr−1

in marsh NPP during 2000–2011 in Northeast China (Mao
et al., 2014); Wang et al. (2009) suggested that land use and
land cover (LUCC) is the main factor affecting vegetation NPP
in the Sanjiang Plain from 2000 to 2015 (Wang et al., 2009).
Considering that climate factors are also important factors, it is
necessary to investigate the response of marshy wetland NPP on
climate changes in the Sanjiang Plain for a long-time.

To address these knowledge gaps, we investigated the
association between climate change and NPP variation
quantitatively in the Sanjing marsh area in the past six decades.
Firstly, I analyzed the spatiotemporal changes in NPP and
climate factors. Secondly, the association between climate
changes and NPP changes was explored quantitatively. Lastly,
the response of NPP distribution on climate factors and climate
interactions were estimated quantitatively in two stages: stage I
(1954–1985) and stage II (1986–2014).

Materials and methods

Study area

The Sanjiang Plain (Figure 1) is located in the northeastern
part of Heilongjiang Province, from 45◦01′05“N to 48◦27′56”
N and from 130◦13′10“E to 135◦05′26”E, with a total area
of about 108,900 km2 (Yan and Zhang, 2019). The Sanjiang
Plain consists of the alluvial deposits of three rivers (the Amur,
Ussuri, and Songhua rivers), and is the largest distribution of
freshwater marsh in China. The Sanjiang Plain consists of 23
counties, namely Fuyuan, Tongjiang, Hegang, Luobei, Suibin,
Fujin, Raohe, Huachuan, Jixian, Youyi, Tangyuan, Jiamusi,
Shuangyashan, Baoqing, Hulin, Yilan, Huainan, Qitaihe, Boli,
Mishan, Jixi, Jidong, and Mulin. The study area in this study
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FIGURE 1

Location map of study area.

concentrates on the marsh wetland distribution area and
its associated land use/cover changes (based on the marsh
distribution in 1954).

Data and methods

The climatic data (1954–2014) in this study include
average temperature, precipitation and solar radiation. The
meteorological data were obtained from the meteorological
station data of China National Meteorological Data Sharing
Center. A total of 10 meteorological data were selected, 7 of
which are within the Three Rivers Plain and 3 outside the region.
Using Kriging interpolation by ArcGIS software, combined
with Fortran programming, the meteorological station data was
interpolated into raster format with a resolution of 2 km× 2 km.
The CO2 concentration data was download from the Carbon
Dioxide Information Analysis Center (CDIAC), whose website
is: https://cdiac.ess-dive.lbl.gov/.

The NPP data was obtained from previous publication
(Yan, 2017), which was produced by Dynamic Land Ecosystem
Model. DLEM comprehensively considers the influence of
carbon nitrogen coupling on carbon cycle and is well-evaluated
in global and regional scale including China, United States
and India etc. In the DLEM model, NPP was defined as the

difference between gross primary productivity (GPP) and plant
autotrophic respiratory consumption (RA).

NPP = GPP − RA (1)

The simulation of GPP (Unit: g Cm−2day−1) is based on the
improved Farquar model (Farquhar et al., 1980), and the canopy
is divided into sunlit and shaded layers.

GPPsun = 12.01 × 10−6
× Asun × plaisun × dayl × 3, 600

(2)

GPPshade = 12.01 × 10−6
× Ashade × plaishade × dayl

× 3, 600 (3)

GPP = GPPsun + GPPshade (4)

Where GPPsun and GPPshade represent the GPP of sunlit
and shaded canopy, respectively. Asun and Ashade are the
assimilation rates while plaisun and plaishade are the indices
of sunlit and shaded canopy, respectively. dayl represents the
daily daytime length.

The plaisun and plaishade are calculated as followed:

plaisun = 1− EXP(−projLAI) (5)

plaishade = projLAI − plaisun (6)

projLAI is the leaf carbon content (g C m−2) multiplied by
the specific leaf area (SLA) of different vegetation function type.
DLEM sets the carbon assimilation rate as the minimum of three
limiting rates (wc,wj,we). For the C3 species,they represent the
assimilation rates limited by the efficiency of the photosynthetic
enzymes system, available light photosynthetically active
radiation (PAR) and transport of photosynthetic products,
respectively. For the C3 species,we is the assimilation rates
limited by PEP carboxylase.

RA = Mr + Gr (7)

Mr and Gr denote maintenance and growth respiration,
respectively. In the DLEM,25% of GPP is considered to be
used as Gr.

Gr = 0.25 × GPP (8)

The Mr of different plants (leaf, sapwood, fine root and
coarse foot) is estimated as follows:

Mri = rf × Rcoeff _i × f (T) × Ni (9)

Where i is the carbon pool of different plants. Mri is the
maintenance respiration of different carbon pools. Rf denotes
growing phase. It is defined as 0.5 in non-growing season and 1
in growing season. The growing season and non-growing season
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are defined according to the vegetation phenology observed by
satellite.; Rcoeff _i is the respiration coefficient of different plant
function types. Ni(g N m−2)is the nitrogen content of different
pools and f(T) is a temperature factor.

f (T) = e308.56 ×
(

1
56.02−

1
T+46.02

)
(10)

T is the daily average temperature of the aboveground
carbon pools (i.e., leaf and sapwood), or the soil temperature of
the underground carbon pool (i.e., coarse roots and fine roots).

The LUCC data were obtained from remote sensing images.
LUCC in 1976 was dominated by Landsat MSS imagery with
a spatial resolution of 80 m. LUCC in 1986/2000/2010 were
dominated by Landsat TM imagery while LUCC in 2015 was
obtained from Landsat OIL imagery, with a spatial resolution
of 30 m. Remote sensing imagery for the Landsat series is
available on the USGS website.1 LUCC data since 1976 were
obtained based on a uniform set of standard processes (Liu
et al., 2002, 2010). The land use data in 1954 were reconstructed
from the Cellular Automata (CA) model (Yan and Zhang,
2019). To reduce post-classification error, LUCC maps were
produced by comparing Landsat imagery between different
years (Liu et al., 2003, 2014). The accuracies of the LUCC data
interpretation were verified by comparing with a large number
of field surveys with historical records, including aerial films,
statistical yearbooks, etc. (Liu et al., 2002, 2003, 2014).

The Pearson Correlation Coefficient was used to detect
the correlation between NPP increase and four climate factors
(solar radiation, average temperature, precipitation and CO2

concentration).

r =
6 (x− x)

(
y− y

)√∑
(x− x)2 ∑(

y− y
)2

(11)

Where r denotes the Pearson Correlation Coefficient. x and y are
the average values of x and y, respectively.

The Geographical Detection Method (GDM) was used to
estimate the association between climatic factors and the spatial
heterogeneity of NPP quantitatively in this study. GDM is a kind
of variance analysis, which can detect spatial heterogeneity and
potential factors (Wang et al., 2010). The GDM can identify
the factors influence stratified heterogeneity without requiring
a linear hypothesis. The GDM method has been widely used
in many aspects including natural sciences, social sciences,
environmental sciences and human health (Zhang and Zhao,
2018; Bai et al., 2019; Zhao et al., 2020b; Chang et al., 2022a; Guo
et al., 2022). GDM includes four parts, namely, factor detector,
interaction detector, ecological detector a; 43nd risk detector.
The factor detector detects the magnitude of the influence of
different environmental factors on the spatial variation of NPP.
The interaction detector can reveal the interaction between

1 https://www.usgs.gov/

different factors, that is evaluate the change of explanatory
power when different factors interact in pairs. The higher the
value of q, the greater the influence, and the expression is as
follows (Wang et al., 2010):

q = 1−
∑L

h=1 Nhσ
2
h

Nσ2 = 1−
SSW
SST

(12)

SSW =
L∑

h=1

Nhσ
2
h (13)

where q (∈[0,1]) is the explanatory power of different factors
and h is the classification of the impact factors. Nh and N
are, respectively, the layer h and the number of samples in the
whole region; σh

2 and σ2 are the variances of the Y-values for
stratum h and the whole region, respectively. SSW and SST are
the sum of within Sum of Squares and Total Sum of Squares,
respectively. In this study, solar radiation, average temperature
and precipitation are selected as influencing factors, and these
the numerical variables are divided into 9 types by using the
Natural Breaks classification method. Since the atmospheric
CO2 concentration was uniform spatially in the same year, it was
not considered in the analysis of influencing factors of spatial
differentiation.

Results

Net primary productivity changes

Temporal change analysis
The total NPP in the Sanjiang Plain marshy area showed an

increasing trend generally, with a decreasing trend in the 1950s.
The statistical analysis of the data shows that the total NPP in the
study area increased from 29.99 Tg Cyr-1 in the 1950s to 30.94
Tg Cyr-1 in the 2010s (Figure 2), with an increase of 3.2%. The
highest value of the total NPP occurred in 2014 while the lowest
value was in 1964.

The NPP changes between different decades were also
analyzed (Figure 2). The total NPP showed a decreasing trend
between the 1950s and 1960s, with a decrease of approximately
3.12 TgC. During the 1960s–1970s, the total NPP increased
by 0.81 Tg C while it increased by 1.21 TgC between 1970s
and 1980s. The increase of NPP during the 1980s–1990s was
nearly same as that of the 1970s–1980s. The NPP increased by
approximately 0.63 TgC and 0.21 TgC during the 1990s–2000s
and 2000s–2010s, respectively.

Spatial change analysis
In this study, the spatial distribution of NPP in the marshy

areas of the study area during the 1950s and 2010s and its
difference in the marshy areas of the study area were analyzed
(Figure 3). The results showed that the NPP in the marshy
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FIGURE 2

Temporal changes of net primary productivity since 1954 in the
marsh area of the Sanjiang Plain.

wetlands of the Sanjiang Plain was mostly between 300 and 400
gC/m−2/yr. And the average NPP values in the southern part
of the study area are greater than those in the northern part.
In areas where marshy wetland was not been disturbed, the
mean marsh NPP values tend to decrease. Additionally, NPP
tends to decrease in areas where marsh were transformed into

dry farmland, bare land and water body while NPP tends to
increase in areas where marsh were transformed into woodland
and paddy fields.

Changes of other environmental
variables

The average temperature in the Sanjiang Plain has shown
an increasing trend over the past 60 years or so (Figure 4). The
highest temperature in the study area occurred in 2007 (4.78◦C)
while the lowest temperature occurred in 1969 (1.03◦C), with
a mean increase rate of approximately 0.23◦C/10a. Between
1954 and 2014, the average temperature in the Sanjiang Plain
was 3.3◦C, with a relatively high inter-annual variability. The
mean temperature between 1954 and 1985 was 2.88◦C while that
between 1985 and 2014 was 3.75◦C.

During the period 1954–2014, the average annual
precipitation in the Sanjiang Plain was 577.41 mm/year
(Figure 5), with a relatively high inter-annual variability.
Statistical data indicates that the maximum annual precipitation
can reach to 810.52 mm (1994) while the minimum can reach
to 396.94 mm (1976). There was a weak increasing trend in
general during the past six decades in the Sanjiang Plain.

FIGURE 3

Spatial changes of net primary productivity since 1954 in the marsh area of the Sanjiang Plain (unit: gC/m−2/yr).
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FIGURE 4

Changes of average temperature since 1954 in the Sanjiang
Plain.
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FIGURE 5

Changes of precipitation since 1954 in the Sanjiang Plain.

This study mapped the interannual variation of solar
radiation in the Sanjiang Plain during the period 1954–2014
(as shown in Figure 6). Statistical analysis of the data shows
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FIGURE 7

Changes of CO2 concentration since 1954 in the Sanjiang Plain.

TABLE 1 The correlation coefficient between NPP and different
climate factors.

Solar radiation Temperature Precipitation CO2

R 0.1266 0.6988 0.1703 0.5442

that solar radiation in the Sanjiang Plain has generally shown
a weak fluctuating growth trend over the past 60 years. The
maximum solar radiation can reach to 168.08 W/m2 (1986)
while the minimum solar radiation was 156.93 W/m2 (1971).
There is no obvious trend in the annual solar radiation variation
in the Sanjiang Plain, with a decreasing trend after an increasing
trend.

This study mapped the annual variation of CO2

concentration in the Sanjiang Plain from 1954 to 2014 (as
shown in Figure 7). Statistical analysis indicates that CO2

concentration in the Sanjiang showed an obvious growth trend
over the past 60 years, with an increase value of 85.3 ppm.

FIGURE 6

Changes of solar radiation since 1954 in the Sanjiang Plain.
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It increased from 312.4 ppm in 1954 to 397.7 ppm in 2014,
increasing by 21.45% in the last six decades.

Relationship between net primary
productivity and climate factors

Correlation analysis
This study detected the correlation between NPP and

different climate factors during the past six decades (as shown
in Table 1). Results indicate that the average temperature
had the largest correlation with NPP (0.6988) among four
climate factors, followed by CO2 (0.5442). The correlation
coefficient between NPP and other two factors were relatively
small, with a value of 0.1703 (precipitation) and 0.1266 (solar
radiation), respectively. Results show that temperature made a
great contribution to NPP increase in the marsh area in the
Sanjiang Plain from 1954 to 2014. The increase of temperature
promoted NPP growth.

Influencing factors of spatial heterogeneity
The explanatory power of the main climate factors to the

spatial heterogeneity of NPP in two stages was detected by
the GDM method. A total of 19,466 sampling points in the
study area were chosen as sampling points. The p-values of the
explanatory power of each factor on the spatial heterogeneity of
NPP were less than 0.001, indicating that the q-values of each
climate factor were statistically significant (as shown in Table 2).
Result indicated that solar radiation had the largest explanatory
power in stage I (1954–1985) while temperature had the largest
in stage II (1986–2014). The explanatory power of precipitation
was the least both in stage I (1954–1985) and stage II (1986–
2014). The explanatory power of each climate factor on spatial
heterogeneity of NPP in stage I (1954–1985) was larger than that
in stage II (1986–2014).

This study also analyzed the explanatory power of
interactions between different climate factors on spatial
heterogeneity of NPP (as shown in Table 3). Results indicated
that the explanatory power of interactions between climate
factors was stronger than that of single factor. In stage I, the
explanatory powers of interaction between solar radiation and
precipitation reached to 0.3634, which is more than twice that
of the single factor. The explanatory power of the interaction
between temperature and precipitation was 0.2958 while that of
temperature and solar radiation was 0.2705, both of which are
much larger than that of single factor. In stage II, the explanatory
powers of interaction between solar radiation and precipitation
reached to 0.2475, which is more than three times that of
the single factor. The explanatory power of the interaction
between temperature and precipitation was 0.2050 while that of
temperature and solar radiation was 0.1943, both of which are
much larger than single factor.

Discussion

The effect of climate changes on net
primary productivity variation

The effect of temperature increase on NPP has two aspects:
positive effect and negative effect (Brouwers and Coops, 2016;
Madani et al., 2021; Ji et al., 2022). On one hand, temperature
increase can prolong the growing season and enhance the
efficiency of photosynthesis, thereby increasing NPP (Madani
et al., 2021; Ji et al., 2022). On the other hand, it can increase
water consumption and cause drought, leading to a negative
effect on NPP growth (Osborne et al., 2000; Bilgili et al., 2020).
Results indicate that the annual average temperature in Sanjiang
Plain showed an upward trend. And there was a consistency
between the growth trend of NPP and that of temperature,
which shows that the increase of temperature has a positive
effect on the growth of NPP in Sanjiang plain at middle and
high latitudes. Global NPP is increased under the influence of
climate warming generally, with NPP decreased in low latitudes
and increased in middle and high latitudes (Hou et al., 2013;
Tum et al., 2016; Gang et al., 2017; Yin et al., 2020). This study
confirms that climate warming promotes the growth of NPP in
middle and high latitudes. The influence of climate warming
on NPP changes is manifested in two aspects. On the one
hand, climate warming can directly affect photosynthesis and
change NPP (Madani et al., 2021). On the other hand, climate
warming can change the mineralization rate of soil nitrogen and
soil water content, thus indirectly affecting NPP (Wan et al.,
2005). The promotion of climate warming on NPP in Sanjiang
Plain may be due to the promotion of vegetation fixation of
more CO2 under warming conditions, and the promotion of
soil nitrogen mineralization rate. Although climate warming will
reduce soil water content to a certain extent, which will lead
to the decline of NPP. However, the study area is located in
the humid area, which is less sensitive to the negative effect of
water consumption caused by the rise of temperature than the
arid/semi-arid area. In general, the increase of NPP caused by
the increase of photosynthesis and soil nitrogen mineralization
rate in the study area exceeded the decrease of NPP caused by the
decrease of soil water content. Additionally, in the middle and
high latitudes of the northern hemisphere, climate warming will
prolong the vegetation growth season and increase vegetation
activities, thus promoting the growth of NPP.

In the past 60 years, the increase of atmospheric CO2

concentration has promoted the growth of NPP in the study
area. As an important material of photosynthesis, CO2 directly
participates in photosynthesis and thus directly associated with
vegetation NPP (Amthor, 1995; Running et al., 2000). The
increase of atmospheric CO2 concentration will increase the
CO2 flux of roots and the carbon supply of microorganisms,
increase the demand for water and nitrogen in the process
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TABLE 2 The explanatory power q-value of climate factors on the spatial heterogeneity of NPP.

Stage Explanatory power Solar radiation Precipitation Temperature

Stage I q 0.1777 0.0988 0.1399

P 0.000 0.000 0.000

Stage II q 0.08228 0.0524 0.1166

P 0.000 0.000 0.000

TABLE 3 The interaction between different climate factors.

Stage Explanatory power Solar radiation Precipitation Temperature

Solar radiation 0.1777

Stage I Precipitation 0.3634 0.0988

Temperature 0.2705 0.2958 0.1399

Solar radiation 0.08228

Stage II Precipitation 0.2475 0.0524

Temperature 0.1943 0.2050 0.1166

of plant photosynthesis, and lead to the enhancement of
vegetation activities, thus promoting the increase of NPP
(Amthor, 1995; Reich et al., 2006). Additionally, the change
of CO2 concentration can disturb the earth’s radiation balance
and affect the change of climate factors such as temperature,
precipitation and relative humidity (Pörtner et al., 2005; Reich
et al., 2006). The change of these climate factors will also
have an impact on the NPP changes. Many studies have also
indicated that the increase of CO2 concentration can promote
NPP growth (Amthor, 1995; Cao and Woodward, 1998; Schimel
et al., 2000).

In the past 60 years, precipitation changes have promoted
the growth of NPP in the study area. Wetlands are often
characterized by perennial or seasonal ponding. If the
precipitation is low, it will obviously have an important impact
on their vegetation growth (Liu et al., 2015). This study finds
that the annual average value of NPP in the years with higher
precipitation (greater than average precipitation) is 29.59 TG
c/yr, while the annual average value of NPP in the years with
lower precipitation (greater than average precipitation) is 29.34
tgc/yr, which is lightly less than that in the years with higher
precipitation. This is not completely consistent with previous
studies. For example, Wang et al. (2011) pointed that the NPP
of Qixinghe marshy wetland in Sanjiang Plain was negatively
correlated with the annual precipitation (Wang et al., 2011).
Because the water resources in this region were relatively

TABLE 4 The area (thousand ha) and percentage changes of marsh
during 1954–2015 in the Sanjiang Plain.

Year 1954 1976 1986 2000 2015

Area 3770.12 2446.11 1119.14 1040.76 778.18

Percentage 34.71% 22.52% 10.30% 9.58% 7.17%

sufficient, the better coordination of hydrothermal conditions
in years with relatively dry climate led to the increase of
vegetation evaporation and photosynthesis, as well as increasing
accumulation of dry matter. This may be because the marshy
wetland area in this study includes not only the original marsh,
but also the areas that have been converted to other land use
types. Vegetation growth has a strong association with solar
radiation (Moreau et al., 2003; Fang et al., 2019; Zhou et al.,
2021), but previous study paid less attention on effects of
solar radiation on NPP variation of marsh area. This study
indicated that radiation growth enhanced NPP increase in the
past six decades, which is consistent with previous studies.
And solar radiation also influenced the spatial heterogeneity of
NPP, especially in stage I. Although the precipitation had the
least explanatory power on the spatial heterogeneity of NPP,
its interaction with solar radiation had the largest explanatory
power both in two stages. Additionally, this study indicated that
explanatory power of interactions between two climate factors
was stronger than that of single factor. Therefore, asymmetric
effects of interactions between climate factors on vegetation NPP
should be given more attention in the future.

The effect of land cover changes on
net primary productivity variation

In the past six decades, marsh in the Sanjiang Plain has been
cultivated drastically. The marsh area decreased from 3770.12
in 1954 to 778.18 thousand ha in 2015, with the percentage
decreased from 34.71% of the total area in 1954 to 7.17% in
2015 (Table 4). From 1954 to 1986, the percentage of marsh in
the Sanjiang Plain decreased by 24.40%, with the value much
larger than that between 1986 and 2015. The area of marsh
decreased by 79.4% since 1954 in the Sanjiang Plain, with a value
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about 2.99 million ha. Only 14% of the original marshy wetland
was preserved in the last six decades. And 46% of the original
marsh transformed to paddy filed while 27% of that converted
to dry farmland. Large area of marsh has been reclaimed into
dry farmland and then paddy field in the past six decades,
leading to NPP changes. Landscape index analysis shows that
the landscape fragmentation of marsh increased since the 1950s
in the Sanjiang Plain (Yan and Zhang, 2019; Yan, 2020), also
influencing carbon cycle and NPP changes. Previous studies
indicated that LUCC in the Sangjiang Plain decreased NPP
changes (Wang et al., 2009; Dong et al., 2015). The study of
Sanjiang Plain from 2000 to 2005 showed that LUCC is the main
factor affecting vegetation NPP, which directly leads to changes
in regional NPP (Wang et al., 2009). Although NPP showed a
general increasing trend in the Sanjiang Plain during 2000–2010,
LUCC played a negative role in the NPP growth (Dong et al.,
2015).

LUCC is an important reason that affects the carbon cycle
process of terrestrial ecosystem and causes the change of carbon
budget (Li et al., 2014; Chang et al., 2022b). On one hand,
LUCC can directly affect the carbon cycle process by changing
the vegetation types (Li et al., 2014). On the other hand, LUCC
can cause changes in N deposition and CO2 concentration, and
then indirectly affect the carbon cycle process (Li et al., 2014; Lu
et al., 2016; Zhao et al., 2020a). The research on the change of
carbon budget caused by LUCC shows that the transformation
between forest loss and urbanization usually reduced the carbon
budget and farmland expansion can increase carbon budget in
some regions (Hu and Wang, 2008; Fu et al., 2009; Yu et al.,
2009; Chang et al., 2022b; Zhuang et al., 2022). For example, Yu
et al. (2009) found that urbanization in Shenzhen city during
1999–2005 caused a loss of 321.51 Gg carbon. The increase of
dry farmland decreased NPP in the Sanjiang plian from 2000
to 2010 (Dong et al., 2015). Study in Guangzhou indicated
that conversion from wood grassland, shrublands/forests to
croplands and the urban led to a large loss of NPP (Fu et al.,
2013). In the past 60 years, the overall situation of LUCC in the
study area is the large area loss of marsh, forest and grassland.
LUCC in the marsh area in the past 60 years has a negative
effect on NPP growth in the Sanjiang Plain. In the future,
samples can be taken in areas where the marsh area that has not
been reclaimed to exclude the impact of LUCC. Additionally,
LUCC can influence temperature, precipitation, and radiation
etc. (Davin and de Noblet-Ducoudre, 2010; Li et al., 2014; Cao
et al., 2021). Therefore, the interactions between climate factors
and LUCC should be paid more attention in the future.

Conclusion

In our study, NPP increase was observed in the Sanjiang
Plain in both stages (1954–1985 and 1986–2014) in the past
six decades. Temperature had the largest correlation with NPP

trends among four climate factors, followed by CO2. Solar
Radiation had the largest explanatory power on the spatial
heterogeneity of NPP among three climate factors before 1985.
After 1985, temperature played an important role in leading
the spatial heterogeneity of NPP. The explanatory power of
precipitation changes was relatively smaller than other two
factor on NPP changes between two stages. However, the
explanatory power of its interactions with solar radiation
was much stronger than that of single factor. Future study
should pay more attention to the interactions between climate
factors as well as the interactions between different factors.
Our results suggest the importance of association between
climate factors and NPP variations for predicting marsh carbon
storage variation.
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Blocking of hydrological connectivity could greatly impact the sediment

deposition process and change water and salinity conditions, which in turn

affect plant germination, growth, and development in delta wetlands. A 2-

year experiment, which included the effects of soil burial, water, and salinity

on germination, growth, and production, was conducted to examine the

function of hydrological connectivity blocking on the development of Suaeda

salsa, a halophyte species. The results demonstrated that soil burial, water,

and salinity all had significant effects on seed germination, plant growth,

and production (p < 0.05). Seed germination decreased as soil buried depth

increased (< 4 cm), and seeds did not germinate successfully when the

buried depth was > 4 cm. Seed germination was the highest at 0 cm burial.

However, moderate burial was beneficial for seedling emergence; therefore,

the survival rate was the lowest when seeds were distributed at the surface

(0 cm). Water and salinity both significantly affected the germination, growth,

and productivity of S. salsa. Moderate salinity (10–20 g/kg) and fluctuating

water (0–10 cm water depth) were suitable for seed germination and plant

growth. Low salinity (< 10 g/kg), High salinity (>20 g/kg), drought, and

high water levels (long-term flooding with water depth > 10 cm) were not

conducive to the growth of S. salsa, and biomass and seed yield were also

reduced. As a halophyte, salinity that is too low or too high is unsuitable

for S. salsa population. Water and salinity also significantly affected S. salsa

population (p < 0.05). In particular, water can offset the hazards of high

salt concentrations. Blocking of hydrological connectivity can influence seed

germination, yield, and vitality. In this case, S. salsa may have died out from

the coastal wetland due to the lack of hydrological connectivity restoration.

KEYWORDS

hydrological connectivity blocking, seed germination, seed yield and vitality, Suaeda
salsa, the Yellow River Delta
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Introduction

Hydrologic connectivity is a hydrologic process that
supports the transfer of mass and energy between or among
different water bodies and/or locations (soils, atmosphere, and
vegetation) across a landscape (Lexartza-Artza and Wainwright,
2009; Bracken et al., 2013). Complete hydrological connectivity
cannot only promote the cycle of energy and nutrients but
also provide important habitats for animals and plants (Covino,
2017; Shao et al., 2019; Zheng et al., 2022). Wetland ecosystems
with good hydrological connections can keep nutrients in the
water body relatively stable in a mutable external environment
and play a significant role in maintaining biodiversity (Noe
et al., 2019; Norton et al., 2022). Hydrological connectivity
is particularly important in delta wetlands, with intense
interactions between saline and fresh water (Liu et al., 2020;
Cui et al., 2022). In this context, delta wetlands are not only the
habitat of many migratory waterfowl and are important for the
protection base of biodiversity, but they also provide a buffer
zone to maintain the dynamic balance of sea and land. They play
a unique role in the material cycle, energy flow, and information
transmission between rivers and oceans (Liu et al., 2021).

Suaeda salsa community is the main vegetation and the
only pioneer plant in the salt marsh in the Yellow River Delta
(YRD), China. It is mainly distributed in the transitional zone
from land to beach, and provides an important habitat for
birds and macrobenthos (Yu et al., 2012). Seed germination of
S. salsa is highly susceptible to environmental factors such as
water depth, salinity, and burial depth (Yu et al., 2012; Wang F.
et al., 2015; Müller et al., 2019. Therefore, the distribution and
growth of S. salsa may be vulnerable to changes in hydrological
connectivity. In recent years, due to climate change and human
activities such as roads and dams, the hydrological connectivity
of the Yellow River has been seriously affected, the sediment
transport process has been blocked, and the water-salt-sediment
environment of coastal wetlands has also changed significantly
(Wang S. et al., 2015; Saunders et al., 2016; Li et al., 2021).
The amount of sediment entering the sea has decreased by
89% over the past 50 years, which has decreased the deposition
rate of the YRD. Siltation and erosion in the estuary area
have been altered, the amount of fresh water and salt water
decreased dramatically, and soil salinity increased accordingly
(Wang S. et al., 2015; Xue et al., 2022). Consequently, the
salt marsh habitats of the YRD had deteriorated or many
vegetation types had dried out (Liu, 2020). At the same time,
the area of S. salsa shows a decreasing trend since 2006, and
the dominance degree of S. salsa is decreasing continuously
and the degree of fragmentation is severe (Zhang et al.,
2022). Therefore, analyzing the ecological effects of dialectical
hydrological connectivity on the development of S. salsa is of
great significance.

Once hydrological connectivity blocking occurs in a delta,
its effects on S. salsa community are unpredictable; hence,

a greenhouse experiment was conducted to test it. In this
experiment, seed germination and growth of S. salsa were
subjected to different conditions that represent the situation
of hydrological connectivity blocking. The purpose of the
study was to solve those questions: (1) Do the hydrological
connectivity blocking have negative or positive effect on S. salsa
development? (2) What is the way that hydrological connectivity
blocking affects S. salsa development? The results can provide
valuable implications for the management of hydrological
system and the restoration of degraded wetlands in the YRD.

Materials and methods

Site description

The study area is located in the YRD (118◦3381811◦2081,
37◦353781◦12378118y Dongying City, Shandong Province,
China. The study area has a warm temperate continental
monsoon climate, with distinctive seasons and rainy summers.
The average annual temperature is 12.1◦C. The frost-free
period lasts 196 d per year in this region. The annual average
rainfall in the study area is 551.6 mm, whereas the annual
average evaporation is 1,962 mm. Approximately 70% of the
precipitation occurs from June to August. Surface water in
this area is mainly affected by precipitation and upriver water,
particularly by the water-sediment regulation of the Yellow
River at the end of June since 2002. The main soil types are
tidal and salt soil. S. salsa and Phragmites australis are dominant
species in the YRD (Guan et al., 2020).

Experiment design

Seed preparation
Fully developed seeds of S. salsa local genotypes were

collected in October 2019 from the YRD National Natural
Reserve. All seeds were kept under dark and dry conditions
at 4◦C until the start of the germination experiments. Soil for
the experiment was collected from a depth of 20 cm near the
YRD in 2019. All experiments were conducted in a greenhouse
located at Ludong University, China. At the beginning of
the experiment, seeds were surface-sterilized in an aqueous
solution of 0.1% KMnO4 for 10 min to avoid fungal attack, and
subsequently rinsed with distilled water before being used in
seed germination experiments.

Experiment 1: Effects of soil burial depth on seed
germination in 2019

Germination experiments at different buried depths were
conducted in a barrel (radius: 5 cm and height: 15 cm). Seeds
were germinated at 0 cm (M0), 1 cm (M1), 2 cm (M2),
4 cm (M4), and 6 cm (M6) buried depths, respectively. The
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soil was collected from the YRD. The salinity, water content,
bulk density, electrical conductivity and pH of the initial
experimental soils were 1.12 g/kg, 27.18%, 1.09 g/cm3, 478
µm/cm, and 8.92, respectively. For each treatment, there were
three replicates of 50 seeds each. During seed germination in
buried soil, seeds were irrigated with distilled water to maintain
saturation. All seeds were subjected to an alternating diurnal
regime of 12 h of light at 25◦C and 12 h of darkness at 15◦C
for 21 days. Seeds were considered germinated when the radicle
protruded 1 mm from seed coat. Germination was recorded
daily for 14 days, and seedling survival was recorded at the end
of the experiment. The entire experiment lasted 4 weeks.

Experiment 2: Effects of water and salt on germination
and growth of Suaeda salsa in 2019

After the burial experiment, S. salsa seeds were planted
in a barrel (radius: 15 cm and height: 35 cm) at a depth of
1 cm (according to the result of the soil burial experiment)
to investigate the effects of the water-salt gradient on their
germination and growth. The experiment began with three
water treatments [long-term flooding (5–15 cm, F), periodic
flooding (0–10 cm, S), and long-term drought (drought to
saturated, D)], and four salinity treatments (i.e., 0, 10, 20, and
30 g/kg) in an orthogonal design. Salinity was controlled by
adding a sea salt solution (obtained from seawater), in which
Na+ and Cl− were the most important ions (Table 1). Treatment
D was carried out every 7 d. Treatment S was injected twice
daily, and water was emptied after 2 h of water injection. Water
control of the F treatment was performed every 2 d. Percent
germination was recorded every day. A seed was considered
germinated when the coleoptiles were elongated to 1 mm.
The entire experiment lasted 16 weeks, and height, density,
biomass, content of Na+ and Cl− in each part were recorded
and examined at the end.

Experiment 3: Germination of seeds produced in
experiment 2 in 2020

Germination experiments were conducted in a dish (radius:
5 cm). Seeds were germinated under saturated conditions at
10 g/kg salinity (the ideal germination condition). In this
experiment, all seeds produced in experiment 2 were used in this
experiment without replicates. During seed germination, the
seeds were irrigated with distilled water to maintain moisture.
The experiment lasted for 21 days. Percent germination was
recorded daily. Seeds were considered germinated when the
coleoptiles were elongated to 1 mm.

TABLE 1 Concentrations of main salt ions in the Yellow River
Delta (Unit: mg/kg).

Na+ Mg2+ K+ Ca2+ Cl− HCO3− SO4
2− CO3

2−

387,210 510 66.5 1232.5 433,100 175,680 4115.5 0

Data analysis

Statistical analyses were performed using SPSS 20 and
Origin 9.2. One-way analysis of variance (ANOVA) was used
to determine the effects of burial depth, water regime, and
salinity on the germination and growth of S. salsa. To
meet the assumptions of homoscedasticity, some growth and
photosynthetic parameters were log-transformed or square-root
transformed. Before the analyses, graphs with residuals were
applied to examine the rationality of the model assumptions and
the reliability of the data. Multiple comparisons of means were
performed using Duncan’s test; different letters in Figures 1, 2
indicate significant differences at a significance level of 0.05.
Values represent the mean± SE of three replicates.

Results

Effects of soil burial on the germination
and survival of Suaeda salsa

Analysis of differences indicated that soil burial depth had
significant negative effects on germination percent (p < 0.01).
As the burial depth increased, the seed germination percent
decreased gradually (Figure 1A). Seed germination percent was
the highest at M0. When the burial depth was ≥ 4 cm, there
was no seed germination. However, the seedling survival percent
changed significantly (Figure 1B). The survival percent at M1
was the highest, followed by the germination rates at M2 and M0
treatments. The survival percent were not significantly different
between burial depths of M1 and M2.

Effects of water depth and salinity on
the germination and survival of Suaeda
salsa

Although S. salsa is a halophyte, salinity and water both
showed significant effects on its germination and growth
(p < 0.01). The germination percent of S. salsa decreased as
soil salinity increased, and high salinity was detrimental for
seed germination. After 4-week growth, the seedling survival
percent was slightly lower than the seed germination percent
in all treatments (Figures 2A,B). Water significantly affected
germination of S. salsa (p < 0.01). At the period of seed
germination, the germination percent was higher in F and S,
especially in S. In treatment D, the seed germination percent
was the lowest, even at 0 g/kg salinity. In treatment S, except for
the 30 g/kg salinity, the seed germination percent were similar.
In treatment F, the seed germination percent at 10 g/kg salinity
was the highest, even at 30 g/kg salinity, and the germination
percent was up to 30%. Subjected to treatments S and D, the
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FIGURE 1

Seed germination of S. salsa subjected to different soil burial depths. (A) Seed germination percent (%) and (B) seedling survival rate subjected to
0 cm (M0), 1 cm (M1), 2 cm (M2), 4 cm (M4), and 6 cm (M6) buried depths. Different letters indicate significant differences in different buried
depth. The data was 0 at M4 and M6.

seedling survival percent did not decrease much more than the
germination percent. The S treatment was the most ideal one
for S. salsa under medium and low salinity conditions (salinity
was ≤ 20 g/kg). The F treatment (≤ 15 cm) was suitable for
S. salsa growth at lower salinity.

Effects of water and salt on the growth
of Suaeda salsa

Water and salinity had significant complex effects on the
growth of S. salsa. Medium to low salinity (≤ 20 g/kg) and
moderate water (periodic flooding at 0–10 cm) were beneficial
to the growth of S. salsa (Table 2). Drought and high salinity
(salinity was > 30 g/kg) were detrimental to the growth of
S. salsa. In the F and D treatment, the height was the highest
at 0 g/kg, and the density and total biomass were the highest
at 10 g/kg. While in the S treatment, the height and total
biomass were the highest at 10 g/kg, and the density was the
highest at 0 g/kg. In all treatment, biomass at 10 g/kg salinity
was the highest, and biomass was mainly distributed in stems
and leaves. In the D treatment, by contrast, root biomass
accounted for most of the total biomass. Results of water content

were interesting. Salt tolerance gradually increased as water
conditions improved. In D treatment, water content was the
most at 10 g/kg salinity. In F and S treatment, water content
was the most at 20 or 30 g/kg salinity. Multi-way variance
analysis indicated that the effects of water are the first priority
in salt habitats, and the combined effect of salt and water is also
important in regulating S. salsa growth.

Na+ and Cl− were similarly distributed in each treatment,
with the leaf content being the highest, followed by that in the
stems and roots (Figures 3A–F). In the 0 salinity treatment, Na+

and Cl− were more evenly distributed in the root-stem-leaf. In
the same salinity value, content of Na+ was the highest in the
S treatment, followed by that in the stems and roots in F and
D treatments, respectively. The difference in Cl− concentration
in each treatment was not significant. In the same water regime,
contents of Na+ and Cl− increased as salinity increased.

Effects of water-salt treatments on the
seed yield and vitality

Seeds are the foundation of the establishment and
development of plant communities; therefore, seed yield
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FIGURE 2

Seed germination of S. salsa subjected to salt and water treatments. (A) Seed germination percent and (B) seedling survival percent subjected to
water and salt treatment (long-term flooding (5–15 cm, F), periodic flooding (0–10 cm, S), and long-term drought (drought to saturated, D).
Different letters indicate significant differences in different water treatments at the same salinity. The data was 0 at D treatment in salinity values
of 20 and 30 (g/kg).

and vitality are deemed as the preconditions of vegetation
establishment and development. There was no seed production
in the 0 g/kg and highsalt treatments (except for S30, Table 3).
Seeds were produced at F10, S10, D10, F20, and S20 treatment.
In the following year, the germination rates of seeds produced
in the S10, F10, S20, and F20 treatments were higher than that
in the D treatment. Although seeds were produced in the S30
treatment, their germination rate was 0%.

Discussion

Germination and seedling emergence are critical stages in
the life cycle of plants, particularly for annual halophytes, since
they determine whether they can be established in variable
environments (salt marshes or deserts) (Merino-Martín et al.,
2017; Duan et al., 2018; Müller et al., 2019). In delta wetlands,
the mutable deposition process, water regime (timing, duration,
and depth), and soil salinity are outstanding environmental
problems resulting from lack of hydrological connectivity (Dou
et al., 2016). Therefore, adequate hydrological connectivity

often determines the growth and distribution of plants. Once
hydrological connectivity is blocked, the water cycle process
changes, affecting the sediment deposition process and soil
salinity, and finally affecting seed germination and plant growth
(Wang S. et al., 2015).

Because of the interaction of fresh and saltwater, the
sediment thickness in the YRD is variable. Seed germination is
regulated by burial depth during the process of deposition (Mou
and Sun, 2011). However, the effects were two-sided. Moderate
buried depths could generally stimulate more germination
and seeding than surface deposition of seed, because burial
provides a moist environment around seeds and prevents them
from desiccation (Sun et al., 2010). Excessive sediment may
prevent seedling sprouting and affect survival because the
emergence cannot reach the sediment surface or the seeds
are unable to germinate due to lack of oxygen, light, and
temperature fluctuation (Sun et al., 2010; Wu et al., 2013).
In our study, the initial germination rate decreased and was
negatively correlated with burial depth. A large percentage
of seedlings emerged at shallow burial depths (≤ 2 cm),
but deep burials (> 2 cm) significantly reduced seedling
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FIGURE 3

Na+ and Cl− distribution in each part of S. salsa subjected to salt and water treatments. (A) Content of Na+ in the root, (B) Content of Na+ in the
stem, (C) Content of Na+ in the root, (D) Content of Cl− in the root, (E) Content of Cl− in the stem, and (F) Content of Cl− in the root. The data
was 0 in D20 and D30.

emergence. Similar relationships have also been recorded in
other studies. The survival of seedlings is important for plant
development. Many studies have indicated that germination
rate determines colonization rate. However, many seedling
emergences could not successfully colonize the site because
of the effects of environmental factors (Duan et al., 2018). In
our experiment, although initial germination was the highest
at a burial depth of 0 cm, the final survival rate was the
lowest. The final survival rate was the highest at 1 cm burial
depth, with lower mortality of initial emergences. Mortality
was lowest at a buried depth of 2 cm, but the initial
germination rate was also low. This result is similar to those
of Mou’s findings (Mou and Sun, 2011). The most probable
factors that could influence the germination and survival of
S. salsa may be the micro-environmental factors surrounding
the seeds, such as temperature, humidity, oxygen, and light
(Müller et al., 2019). Different burial depths would substantially
change these micro-environmental factors and significantly
affect seed germination (Limón and Peco, 2016). Under surface
conditions, poor water and temperature retention can result in

high seedling emergence mortality. Instead, a moderate buried
depth could maintain a high seedling emergence survival with
suitable influences of micro-environment factors (Soares et al.,
2021).

Due to the interaction of fresh water and saline water,
water logging and salt content are considered the two key
environmental factors for plant establishment, succession,
and productivity in the delta wetlands (Hou et al., 2020;
Chen et al., 2022; Hussain et al., 2022). Waterlogging stress
decreases the availability of carbon dioxide for salt marsh
plants while also rendering oxygen levels deficient in the
soils. Simultaneously, water influences plant growth through
nutrient uptake via restricted transpiration rates and membrane
permeability (Wang and Jiang, 2007). Furthermore, excess
salinity from seawater affects plant growth via both osmotic
stress and ionic toxicity (Wang F. et al., 2015; Louati et al., 2018).
In our study, low water and low salinity showed significant
positive effects on seed germination, seedling growth, and
productivity. High water and salinity negatively affect seed
germination and plant growth, and the effects of drought are
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TABLE 2 Growth characteristics of S. salsa subjected to water [long-term flooding (5–15 cm, F), periodic flooding (0–10 cm, S), and long-term
drought (drought to saturated, D)] and salt treatments.

Water regime Salinity (g/kg)

0 10 20 30

Height (cm) F 54.8± 3.31a 45± 7.35b 48.4± 3.50ab 22.4± 4.50c

S 47.2± 4.92b 57.6± 3.77a 32.4± 1.85c 29.8± 2.79c

D 29± 2.00a 25.6± 3.26b 0.00± 0.00c 0.00± 0.00c

Density (plant/pot) F 51.00± 4.50a 56.00± 1.00a 20.00± 4.00b 6.00± 0.00c

S 50.50± 0.50a 41.50± 3.50b 48.50± 3.50a 11.00± 1.00c

D 7.50± 1.50b 14.50± 0.50a 0.00± 0.00c 0.00± 0.00c

Total dry biomass (g/pot) F 49.12± 6.55c 128.68± 1.68a 106.74± 5.84b 41.76± 1.00c

S 56.64± 2.76b 121.12± 25.74a 49.60± 20.93b 49.80± 3.77b

D 5.69± 0.48b 38.10± 0.40a 0.00± 0.00c 0.00± 0.00c

Dry biomass of root (g/pot) F 2.84± 0.13b 5.18± 0.10a 2.73± 0.17b 1.94± 0.01c

S 3.68± 0.16b 13.22± 0.49a 2.06± 0.22bc 1.60± 0.14c

D 1.39± 0.40b 4.52± 0.33 0.00± 0.00c 0.00± 0.00c

Dry biomass of stem (g/pot) F 17.92± 2.67c 45.06± 1.48a 26.24± 3.64b 13.22± 0.46c

S 19.72± 1.37b 41.01± 12.19a 18.42± 2.94b 12.29± 1.01b

D 1.67± 0.26b 6.30± 0.17a 0.00± 0.00c 0.00± 0.00c

Dry biomass of leaf (g/pot) F 28.36± 3.76b 78.45± 0.87a 77.78± 4.85a 26.60± 0.56b

S 33.25± 1.66b 66.89± 15.20a 29.12± 17.89b 35.91± 3.50b

D 2.63± 0.16b 27.28± 0.42a 0.00± 0.00c 0.00± 0.00c

Total water content (%) F 53.83± 0.17c 64.22± 0.74b 72.65± 2.52a 70.78± 0.50a

S 60.14± 0.76c 63.77± 0.93c 70.27± 3.69 77.95± 1.43a

D 22.27± 0.66b 40.83± 0.42a 0.00± 0.00c 0.00± 0.00c

Water content of root (%) F 8.61± 0.85c 41.73± 2.37a 15.31± 0.47b 14.58± 1.73b

S 7.81± 0.76c 35.37± 1.09a 11.41± 0.29b 12.89± 1.72b

D 28.27± 5.29a 26.48± 1.54a 0.00± 0.00b 0.00± 0.00b

Water content of stem (%) F 45.33± 1.93d 50.54± 1.13c 57.29± 0.78b 62.61± 0.86a

S 47.81± 2.66c 56.43± 1.94b 60.52± 1.50b 70.58± 1.64a

D 18.38± 0.66b 27.15± 0.99a 0.00± 0.00c 0.00± 0.00c

Water content of leaf (%) F 63.79± 0.69c 73.55± 0.52b 79.72± 2.45a 78.94± 0.20a

S 73.19± 0.79b 74.17± 1.19b 82.29± 2.45a 83.35± 1.83a

D 22.12± 1.06b 46.35± 0.27 0.00± 0.00c 0.00± 0.00c

The lower case letters indicate significant differences at p < 0.05.

similar. Our results are agreed with formers’ result, in which
no matter single effect or integrated effects of salinity and
waterlogging could restricted plant growth, and could reduce
plant height and leaf area (Merino-Martín et al., 2017; Lu
et al., 2022). As a halophyte, S. salsa thrives in the presence
of NaCl. At lower salinity levels, S. salsa can absorb Na+ and
Cl− and store them in the vacuoles to lower the plant water
potential, thereby improving its ability to absorb water from
the soil (Song et al., 2011). In addition, salinity could enhance
ATPase and PPase activities, which endows S. salsa with more
energy to transfer Na+ and Cl− to vacuoles (Zhang et al.,
2010). However, at higher salinity levels, increasing osmotic
stress and ionic toxicity would retard the absorption of water
and nutrients, and subsequently weaken the photosynthesis
and metabolic activity (Li et al., 2022). In this study, Na+

was mainly distributed in the leaves and stems. The Cl−

species were mainly distributed in the leaves, and in the 0-salt
treatment, Cl− was more evenly distributed in the root-stem-
leaf. This is in agreement with Zhang’s study, which indicated
that waterlogging can increase Na+ and Cl− concentrations in
the leaves.

Studies have shown that salt and waterlogging significantly
affect seed yield and quality (Wang F. et al., 2015; Li et al., 2020;
Meng et al., 2022). Greater water depth and longer flooding
time had a higher impact on the yield, and the yield reduction
rate was significantly positively correlated with flooding depth
and time (Duan et al., 2018). No significant correlations were
found between the seed quality and waterlogging. Salt greatly
reduces the seed yield of non-halophytes, particularly of some
important cash crops (Yadav et al., 2011) and non-halophytes
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TABLE 3 Seed production of S. salsa subjected to water [long-term
flooding (5–15 cm, F), periodic flooding (0–10 cm, S), and long-term
drought (drought to saturated, D)] and salt treatment (0, 10,
20, and 30 g/kg).

Seed produced
(Yes/No)

Seed
quantity

Seed germination rate
in the next year (%)

F0 No 0 0

S0 No 0 0

D0 No 0 0

F10 Yes 516 93

S10 Yes 621 99

D10 Yes 98 28

F20 Yes 246 62

S20 Yes 407 71

D20 No 0 0

F30 No 0 0

S30 Ye 23 0

D30 No 0 0

show significant yield reductions in soils with increasing salinity
(Galvan-Ampudia and Testerink, 2011). However, moderate
salinity significantly promotes the reproductive growth of
halophytes (S. salsa) and increases their number of flowers,
number of seeds, and quality (Guo et al., 2018). The seed
vitality of halophytes was significantly higher than that under
non-saline conditions. In this study, seed yield and vitality
at salinities of 10 and 20h were better than those at a
salinity that was too low or high. Seed yield and vitality
in the S and F treatments were better than those in the D
treatment.

Conclusion

In delta wetlands, hydrological connectivity blocking
could result in the modification of sediment processes,
water regimes, and salinity values, which would further
alter the germination, seedling, and growth of S. salsa. In
this study, we found that blocked ephemeral hydrological
connectivity may favor S. salsa germination and growth
owing to changes in water and salinity. Blocking short-
term hydrological connectivity is suitable for S. salsa growth
and development. However, blocking long-term hydrological
connectivity (inundation, drought, or excess salinity) is harmful
for S. salsa growth. The effects of long-term blocking of
hydrological connectivity on the S. salsa population were
reflected in the seed yield and quality; long-term blocking
sharply reduced the seed yield and vitality. Overall, the findings
of this study provide a scientific basis for the protection and
restoration of hydrological connectivity and S. salsa habitats
in delta wetlands.
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Improvements in water clarity
and submersed aquatic
vegetation cover after exclusion
of invasive common carp from a
large freshwater coastal wetland,
Delta Marsh, Manitoba
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Llwellyn M. Armstrong1 and Bryan Page1
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Once introduced to shallow aquatic ecosystems common carp (Cyprinus

carpio) often degrade habitat, negatively impacting the native organisms that

rely on these systems. Detrimental effects often observed following the

introduction of carp include a reduction in water clarity as bottom

sediments become disturbed and resuspended and phytoplankton blooms

become more severe and frequent. This results in a reduction of submersed

aquatic vegetation (SAV), the effects of which are felt across multiple trophic

levels. We sought to limit large carp (>70mmmaximum body width) access to a

culturally and biologically significant 18,500 ha freshwater coastal wetland

located in Manitoba, Canada to restore pre-carp conditions which were

characterized by clear water and abundant SAV. In winter 2012–2013,

exclusion structures were built to limit access by large carp to Delta Marsh

during the spring and summer. A monitoring program (2009–2018) compared

marsh conditions before and after carp exclusion. Water clarity improved

following carp exclusion, largely driven by a reduction of inorganic

suspended solids (ISS) rather than phytoplankton biomass, indicating that

maintaining clear water conditions might be supplemented by reductions in

nutrient export from agricultural areas adjacent to the marsh. The decrease in

ISS and phytoplankton varied spatially, with the greatest change observed in the

westernmost area of the marsh which is more sheltered compared to the large

open bays characterizing eastern areas of the marsh. SAV doubled in percent

cover through the 6 years ofmonitoring post-carp exclusion and SAV cover and

species richness in the marsh was comparable to what was present in the early

1970s when there was also partial carp exclusion. Similar to water clarity, the

increase in SAV cover was most significant in sheltered areas of the marsh. Our

results suggest that excluding large carp can improve water clarity, SAV cover,

and SAV species richness in large freshwater wetlands, benefiting waterfowl and

other species.
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Introduction

Water clarity and submersed aquatic vegetation (SAV) play

important roles in aquatic ecosystems. High water clarity

promotes SAV growth by allowing increased light penetration

through the water column (Robel 1961; Hanson and Butler

1994). Areas with healthy SAV communities have greater fish

species richness and diversity and serve as spawning, refuge, and

feeding habitat (Randall et al., 1996; Weaver et al., 1997;

Cvetkovic et al., 2010; Miller et al., 2018). Associated

invertebrates are food sources for both fish and waterfowl

(Bartonek and Hickey 1969; Keast 1984; DuBowy 1985; Hann

1995), and the vegetative parts are consumed by some waterfowl

species (Collias and Collias 1963; DuBowy 1985). SAV in turn

helps maintain a clear water state through several pathways: by

reducing sediment and nutrient resuspension by wave action

(Hamilton and Mitchell 1996; Horppila and Nurminen 2005),

acting as refuge for zooplankton that consume phytoplankton

(Scheffer 1999; Celewicz-Goldyn and Kuczynska-Kippen 2017),

competing with phytoplankton for nutrients (van Donk et al.,

1990), and potentially limiting algae growth through allelopathy

(Körner and Nicklish 2002; Hilt and Gross 2008).

In many parts of the world, and particularly in North

American shallow aquatic ecosystems, invasive common carp

(Cyprinus carpio; hereafter, carp) negatively impact water clarity

and SAV assemblages by resuspending bottom sediments and

lowering light penetration (Badiou and Goldsborough 2010;

Kaemingk et al., 2016), and through physical disturbance of

SAV during feeding and spawning (Tryon 1954; Crivelli 1983).

Carp absence-presence studies in shallow aquatic ecosystems

have demonstrated a switch from a clear water, SAV dominated

phase to a turbid, phytoplankton dominated phase (Lougheed

et al., 1998; Zambrano and Hinojosa 1999; Bajer et al., 2009).

Other studies have documented an opposite shift from a turbid to

a clear water state after benthivorous fish (especially carp) have

been removed or partially excluded, triggering increased growth,

extent, and diversity of SAV species (Meijer et al., 1990; Ivey et al.,

1998; Schrage and Downing 2004; Kaemingk et al., 2016). The

first recorded appearance of carp in the wild in Manitoba,

Canada was in the Red River at Lockport in 1938 (Hinks

1943). Carp are believed to have first appeared at Lake

Manitoba and Delta Marsh in the late 1940s (Atton 1959;

Swain 1979). By the early 1960s, large spring runs of carp

were observed at the channels connecting Delta Marsh to

Lake Manitoba.

Delta Marsh in western Canada (50.19875, -98.20478), is one

of North America’s largest freshwater coastal wetlands covering

18,500 ha (Watchorn et al., 2012). A forested beach ridge

separates Delta Marsh and Lake Manitoba. Four channels

transect the ridge, connecting the marsh to the lake, and

water flows between marsh and lake are dynamic and driven

by the prevailing winds (Aminian 2015). Marsh water quality is

influenced by lake water inputs and runoff from the surrounding

watershed, with less mixing and dilution of marsh water during

periods of low water levels and runoff (Bortoluzzi 2013). Water

clarity is generally low, with an average turbidity range of

12–45 nephelometric turbidity units (NTU) and total

suspended solids range from 10 to 100 mg/L (Hnatiuk 2006;

Bortoluzzi 2013). The marsh water is brackish, with a

conductivity range of 1,600–2,640 μS/cm (Bortoluzzi 2013). As

with Lake Manitoba, Delta Marsh water is typically alkaline

(Bortoluzzi 2013).

Historically, Delta Marsh had abundant and diverse

emergent and SAV assemblages (Hinks and Fryer 1936)

which helped support populations of breeding and migrating

waterbirds. However, over the last 50+ years the marsh had

become turbid and SAV cover decreased by > 50%

(Goldsborough and Wrubleski 2001). Concerns over

decreasing SAV and the effect on higher trophic levels

prompted several SAV mapping surveys at the marsh, the first

occurring in 1974 (Anderson and Jones 1976). Further decreases

in SAV areal extent documented in surveys in 1997 and

2009–2010, decreasing water clarity, and a series of studies

examining the impacts of carp on Delta Marsh using a

combination of mesocosm and whole ecosystem manipulation

experiments (Evelsizer and Turner 2006; Hnatiuk 2006; Badiou

and Goldsborough 2010, 2015; Hertam 2010) led researchers to

conclude carp were largely responsible for the deteriorating

conditions observed at the marsh. Numerous other studies

have found that carp are particularly detrimental to coastal

wetlands and shallow lakes (Lougheed et al., 2004; Schrage

and Downing 2004; Bajer et al., 2009). Additionally, other

stressors such as the regulation of Lake Manitoba water levels

beginning in 1961, the increasing enrichment of the marsh by

nutrients from domestic sewage, agricultural manures, and

fertilizers (through direct runoff and diversion of flood waters

from the Assiniboine River through operation of the Portage

Diversion), and expansion of hybrid cattail (Typha x glauca) have

also contributed to the declining health of the marsh (Wrubleski

et al., 2016). There may also be synergistic effects between carp

and these stressors. For example, the presence of carp is believed

to amplify eutrophication in aquatic ecosystems (Drenner et al.,

1998) and biomanipulation has been proposed as an effective way

to mitigate eutrophication in wetland systems (Angeler et al.,

2003).

To address the adverse effects caused by carp we initiated a

project to exclude large carp (>70 mm maximum body width)

from Delta Marsh with the objective of improving waterfowl
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habitat. In winter 2012–2013, exclusion structures were built on

channels connecting Lake Manitoba to Delta Marsh. Fish,

including carp, overwinter in the lake and migrate into the

marsh each spring (Lapointe 1986). The exclusion structures

were fitted with removable screens with 70 mm spacing between

vertical steel bars. Screens are positioned several weeks after the

start of fish migration to allow early arriving native fish access to

the marsh, but prior to the peak of carp migration. The screens

are removed in mid-July. We monitored water clarity and SAV

cover at Delta Marsh pre-(2009, 2010, 2012) and post-

(2013–2018) carp exclusion. We hypothesized that water

clarity, SAV cover and species richness would increase

following the exclusion of large carp from the marsh.

Methods

Site description

Delta Marsh is divided into three main units by

anthropogenic structures (Figure 1). The Portage Diversion

isolates the west marsh from the other units. This 29 km long

channel was completed in 1970 and is used to divert flood waters

from the Assiniboine River north into Lake Manitoba. Five

kilometers east of the diversion is Provincial Road 240 which

divides the center and east marsh. The east marsh makes up the

largest portion of Delta Marsh and from Provincial Road 240 it

stretches approximately 19 km northeastward along the south

shore of Lake Manitoba (Figure 1). For increased spatial

resolution the east marsh was analyzed as two separate units

(east 1 and east 2). The division between these two units occurs at

a natural and nearly mid-way point of the east marsh where water

movement is constricted through several small channels

(Figure 1). Carp were excluded from all but the most

northeasterly large bay of the marsh (Figure 1).

Delta Marsh water clarity data

Water sampling occurred at 37 sites (Figure 1) during May to

July 2009, 2010, and 2012–2018, the period corresponding to

when carp exclusion screens would have been in place post-carp

exclusion. Each site was sampled approximately every two to

three weeks, with three to seven sample rounds completed each

year. Sampling was avoided when wind speed exceeded 30 km/h.

Measurements included water depth (cm) and surface water

temperature (°C), and integrated water samples of the

uppermost 1 m of the water column were collected using an

acrylic tube inserted vertically into the water column. Samples

were kept in a cooler until they could be processed.

FIGURE 1
Location of water clarity sampling sites (purple dots) in the west, east 1, and east 2 units at Delta Marsh (37), and at Lake Manitoba (1). Red circles
are locations of carp exclusion structures; numbered rounded rectangles are submersed aquatic vegetation mapping transects. The inset figure
shows the location of Delta Marsh (red bounding box) within Manitoba.
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Water samples were processed the same day at a field

laboratory and analyzed for specific conductance (µS/cm; YSI

85 probe and meter [YSI Inc., Yellow Springs, OH]), total (TSS)

and inorganic (ISS) suspended solids (mg/L), and total

chlorophyll and chlorophyll-a (µg/L). Known volumes of the

water samples were filtered through a vacuum pump and pre-

weighed Whatman GF/C 42.5 mm filter paper then dried at

100°C in a drying oven for 24 h and weighed for TSS; filters were

then placed in a furnace at 600°C for 1 h and weighed again for

ISS. As a proxy for phytoplankton biomass, total chlorophyll

(chlorophyll-a + phaeophytin; µg/L) pigment absorbance was

measured after filtering a second portion of the water samples

through the vacuum pump and aWhatman GF/C 42.5 mm filter.

Each filter was then placed in a 7 ml glass vial and frozen for 24 h

before 5 ml of 90% methanol was added, after which the vials

were placed in a dark drawer for another 24 h; the liquid was

pipetted from the vials to a cuvette and analyzed for chlorophyll-

a in a spectrophotometer at 665nm and 750nm. The cuvettes

were then acidified with one drop of 0.01N hydrochloric acid;

after an hour the cuvettes were analyzed for phaeophytin in the

spectrophotometer at wavelengths of 665nm and 750nm.

Chlorophyll-a, phaeophytin, and total chlorophyll

concentrations were calculated based on absorbance readings

at wavelength values of 665 nm and 750 nm (Marker et al., 1980).

Lake Manitoba data

Lake Manitoba water chemistry data (conductivity [µS/cm],

ammonia [NH3, mg/L], total nitrogen [TN, mg/L], and total

phosphorous [TP, mg/L]) were obtained from Manitoba

Environment, Climate and Parks. Water quality samples were

collected at a sampling station (MB05LLS013; Manitoba

Environment, Climate and Parks) located in the south basin of

the lake, approximately 3.5 km north of Delta Marsh (Figure 1).

We summed daily volumes (m3/day) of water discharging

from two main tributaries to the Lake Manitoba south basin: the

Whitemud River and the Portage Diversion (Figure 1). Daily

volumes were downloaded from the Water Survey of Canada

(gauges 05LL002 and 05LL019, respectively). Daily volumes

(January 1st–December 31st; 2009–2018) were summed to

obtain total annual water volume discharge (m3).

Water clarity data analysis

Delta Marsh water clarity was compared pre- and post-carp

exclusion, and between the west, east 1, and east 2 units in themarsh.

We used ISS and total chlorophyll as separate water clarity response

variables in two modelling efforts to separate the inorganic and algal

contributors to suspended solids. Generalized linear mixed models

(log link function and gamma distribution; SAS Institute, Inc., Cary,

NC) were used to model ISS and total chlorophyll as a function of

period (pre- or post-carp exclusion), unit (east 1, east 2, west;

Figure 1), unit*period, and a number of covariates known to

affect water clarity (Meijer et al., 1990; Chow-Fraser 1999, 2006;

Beaulieu et al., 2013), including: year-varying annual Lake Manitoba

total discharge loading (PortageDiversion +Whitemud River); year-

and sample round-varying Lake Manitoba conductivity, total

chlorophyll, NH3, TN, TP, and water level; site-varying

relative exposure index (REI); site- and year-varying Julian

date of sampling; Delta Marsh water depth, water

temperature, total chlorophyll, chlorophyll-a, windspeed

effects, resuspension potential, and conductivity.

Random effects of site, year, and site*year were also

included to account for repeated sampling both within and

across years. The covariate REI was calculated to characterize

the exposure of each site to wind generated waves (Keddy

1982):

REI = ∑X
i�1(Vi × Pi × Fi)

where i is ith compass heading (X = 1 to 36; every 10° starting

at 0°); V is mean wind speed from the ith direction; P is

proportion with which wind occurred from the ith direction;

and F is effective fetch distance from the ith direction. We

summarized mean wind speed and wind direction frequency

from data collected every 15 min duringMay to July over a 5-year

period, 2014–2018, at a weather station located at the SE corner

of the marsh (50.19946, -98.08638). We used geospatial models

(see Rohweder et al., 2012) to calculate effective fetch distances.

To model increases or decreases in ISS and in total

chlorophyll that might lag behind rising or falling wind

speeds we included lagged wind speed and resuspension

potential covariates over nine-time intervals: at the time of

sampling, and averaged over the preceding 1, 3, 6, 9, 12, 18,

24, and 36 hourly intervals. We used hourly wind speed and wind

direction data from Environment and Climate Change Canada’s

(ECCC) Portage Southport weather station (Station ID: 5012324;

station located 30.1 km south of the center of Delta Marsh).

When wind speed and wind direction values were missing, we

substituted data from ECCC’s Portage Southport A or Delta

Marsh CS stations. Several sources (Carper and Bachmann 1984;

Booth et al., 2000; Bajkiewicz-Grabowska et al., 2016) have

validated shallow water wave theory that when water depth is

less than half the wavelength, the wave orbital motion beneath

the water surface interacts with the bottom sediments, at which

point sediment resuspension is likely. Resuspension potential is

described as:

Resuspension Potential � (
Wavelength

2
)/Water Depth

Modeling subsets were run to identify the optimum time

interval at which to model lagged wind speed and resuspension

potential. REI was also considered as a candidate to represent

windspeed effects. Fixed effects of unit, period, unit*period, REI,
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and random effects of site, year, and site*year were included in all

of these competing models and the effects of windspeed and

resuspension potential were added one-at-a-time. Best

approximating models (identified as minimizing AIC) were

used for identifying a best time interval scale for representing

windspeed and resuspension potential.

Since resuspension potential incorporates wind speed and

water depth, two full model simplification paths were explored

including either the best time interval effects of (i) wind speed

and water depth or (ii) resuspension potential, with all the other

variables described previously. To facilitate model convergence

independent variables were scaled by orders of magnitude. REI

was retained in all model runs as it characterizes the wind

exposure of each water sampling site, which influences water

clarity at varying degrees spatially across Delta Marsh. The effects

of unit, period, and unit*period were retained as these were the

effects of primary interest. Full models were sequentially

simplified by removing the effects with the smallest Wald-

statistics (Wood et al., 2008) and all models were ranked by

AIC to identify the best approximating and competing models

(identified as those within 2 ΔAIC units and structurally simpler

than the top model [Arnold 2010]). Ratios of estimated marginal

means (EMMs) were used to determine if there were overall or

unit specific differences in ISS and total chlorophyll between pre-

and post-carp exclusion.

Submersed aquatic vegetation data

SAV beds at Delta Marsh were mapped between July and

September 1974, 1997, 2009–2010 (this survey spanned two field

seasons), 2014, and 2016–2018. Watercraft were used in all years to

ground-truth vegetation bed perimeters. The extent of SAVbedswere

mapped, and SAV species were recorded and assigned to either single

or mixed species assemblages. Survey methods used in 1974

(Anderson and Jones 1976) and 1997 (D. Wrubleski and M.

Anderson, Ducks Unlimited Canada, unpublished report)

combined the use of aerial photographs and ground truthing. Due

to turbid conditions a garden rake was dragged along the marsh

bottom to delineate vegetation bed perimeters in 1997 and 2009–2010

(M. Baschuk and D. Wrubleski, unpublished report). Aerial

photographs were not used in the 2009–2010 and 2014 SAV

surveys due to turbid conditions which limited vegetation bed

interpretation. Vegetation beds were drawn on paper maps in the

field. A handheld data collector (Trimble Juno; Trimble Navigation

Ltd., Sunnyvale, CA) was also used in 2014. All papermaps were later

digitized using ArcGIS (ESRI, Inc., Redland, CA). In

2016–2018 polygons and points representing SAV beds were

recorded using a tablet running ESRI’s Collector for ArcGIS

software connected to a GPS receiver. Points were created for

small SAV beds measuring approximately 4 m2. During data

processing, point locations were buffered 1m on all sides resulting

in polygons 4 m2. SAV beds smaller than 4 m2 were not mapped.

In 1974, 1997, 2009–2010, and 2014 SAV distribution was

mapped across the entire east marsh; in 2010 the west marsh was

also included. In 2016–2018 only areas falling under 400 m wide

survey transects (hereafter, SAV mapping transects; Figure 1)

were mapped in both the east and west marsh. In order to

standardize the comparison of SAV among years, we only

included survey data within SAV mapping transects 1–4 and

7–17 within the carp exclusion zone (Figure 1).

Submersed aquatic vegetation data
analysis

We assigned each SAV record to one of ten treatments based

on marsh unit and SAV survey year(s): 1) west, late pre-carp

exclusion (2010), 2) west, late post-carp exclusion (2016–2018),

3) east 1, early pre-carp exclusion (1974), 4) east 1, late pre-carp

exclusion (1997 and 2009–2010), 5) east 1, early post-carp

exclusion (2014), 6) east 1, late post-carp exclusion

(2016–2018), 7) east 2, early pre-carp exclusion (1974), 8) east

2, late pre-carp exclusion (1997 and 2009–2010), 9) east 2, early

post-carp exclusion (2014), and 10) east 2, late post-carp

exclusion (2016–2018). We specify pre- and post-carp

exclusion here in the context of the current carp exclusion

project, as in the 1970s there was also carp exclusion. For

each treatment we calculated the estimated percent areal cover

of total SAV and of the three most common SAV species found at

Delta Marsh (Ceratophyllum demersum [coontail],

Myriophyllum sibiricum [northern watermilfoil], and Stuckenia

pectinata [sago pondweed]) as the proportion of SAV areal

extent to open water area. As mixed species bed assemblage

classifications were not consistent among years we summed, by

species, the areal extent of vegetation beds with any occurrence of

that species to facilitate within-species comparisons. The data

were treated as pseudo-binomial, and a generalized linear model

(SAS PROC GLIMMIX; using a logit link function, binomial

distribution, and allowing for overdispersion) was used to obtain

log-odds estimates of SAV cover as a function of treatment. Odds

ratio contrasts of estimated marginal means (EMMs) were used

to identify whether the differences in total and species-specific

SAV percent areal coverage were significant among treatments.

Results

Water clarity

The effects of average wind speed and resuspension potential

over the preceding 18 h advanced to the ISS full model reduction

sets. The best approximating reduced model for ISS included

effects of unit, period, unit*period, Lake Manitoba (LKMB) NH3,

Delta Marsh (DM) chlorophyll-a, total chlorophyll, REI, and

average wind speed over the preceding 18 h. A competing model
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(ΔAIC = 1.74) included all effects in the best approximating

model except DM chlorophyll-a. ISS was positively correlated

with the effects (β, ± SE), in descending order of strength, of

average windspeed over the preceding 18 h (0.301, ± 0.025), REI

(0.128, ± 0.027), LKMB NH3 (12.4, ± 3.40), DM total chlorophyll

(0.063, ± 0.032), and DM chlorophyll-a (0.121, ± 0.063; Figure 2).

The effects of average windspeed in the preceding 36 h and

resuspension potential over the preceding 24 h advanced to the

full model reduction sets for total chlorophyll. The best

approximating model included effects of unit, period,

unit*period, DM water temperature, Julian date, ISS, REI, and

conductivity, and LKMB conductivity, NH3, TN, TP, and total

discharge. There were no competing models. As REI was

imprecisely estimated (i.e., the ratio of the estimated effect to

standard error was < ~2) we did not plot or interpret this effect.

Effects (β, ± SE) that were positively correlated with total

chlorophyll, in descending order of strength, were: DM water

temperature (0. 743, ± 0. 075), Julian date (1.029, ± 0.107), and

ISS (0.922, ± 0.133), LKMB conductivity (0.203, ± 0.033), NH3

(14.6, ± 3.54), and TN (0.289, ± 0.079). Effects that were

negatively correlated with total chlorophyll, in descending

order of strength, were: DM conductivity (-0.091, ± 0.022),

LKMB total discharge (-0.023, ± 0.008) and TP (-2.51, ±

0.911; Figure 3).

FIGURE 2
Inorganic suspended solids (ISS; mg/L) in the Delta Marsh (DM) carp exclusion zone (west, east 1, and east 2 units), 2009, 2010, and 2012–2018,
modeled in relation to: (A) averagewind speed over the preceding 18 hours (average 18-hwind speed;m/s), (B) relative exposure index (REI), (C) Lake
Manitoba (LKMB) ammonia (NH3; mg/L), (D) DM total chlorophyll (μg/L), and (E) DM chlorophyll-a (μg/L). 95% confidence intervals (±; dotted lines)
are shown. Each covariate effect was isolated by setting all other covariates to their mean values, averaging over unit*period effects and setting
random effects of site, year, and site*year to zero.
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Estimated means ratios indicate there was an overall

marginal decline (-32%) in ISS pre-to post-carp exclusion

(Table 1). The magnitude of decline in ISS was spatially

dependent, with a significantly larger decrease in the west

marsh unit (-59%) relative to inconclusive changes in the east

1 (-10%) and east 2 units (-14%; Table 1 and Figure 4). Tests of

statistical significance of changes in total chlorophyll were

inconclusive, although there was evidence of an overall decline

(-22%) pre-to post-carp exclusion, but no evidence of a difference

between marsh units (Table 1; Figure 4).

Submersed aquatic vegetation

Overall in the east marsh carp exclusion zone the areal extent

of SAV declined between mapping surveys conducted in

1974 and 1997, and increased with each survey between

2014 and 2018 (Figure 5). In the west marsh, SAV areal

extent increased since the pre-carp exclusion survey in 2010

(Figure 5).

There were no significant differences in total SAV percent

cover (hereafter, SAV cover) between treatment periods in the

west and east 1 marsh units (Table 2; Figure 6A). Total SAV cover

in the late post-treatment period was significantly greater in the

west and east 2 units versus the east 1 unit, and in the east 2 unit

declined significantly by one third between the early pre- and late

pre-treatment periods. SAV cover in the east 2 marsh unit

significantly tripled between the late pre- and late post-

treatment periods, and significantly increased between early

post- and late post-treatment periods (Table 2; Figure 6A).

The same contrasts of odds ratios for total SAV cover (see

Table 2) were assessed for each of the three dominant SAV

species. There were no significant changes in C. demersum cover

between treatment periods; however, there were significant cover

differences between marsh units in the late pre-treatment period;

cover was nearly 15 times greater in the west versus the east 1 unit

(Figure 6B). In the late post-treatment period, C. demersum cover

was greatest in the east 2 versus the west and east 1 units

(Figure 6B). In the late pre-treatment period M. sibiricum

cover was low in all marsh units (Figure 6C). M. sibiricum

cover increased in all units after carp were excluded. In the

late post-treatment period,M. sibiricum cover was greatest in the

east 2 unit, followed in descending order by the west and east

1 units (Figure 6C). S. pectinata was the dominant SAV species,

making up the majority of the total SAV cover in almost all

treatment periods and marsh units (Figure 6D). While S.

pectinata cover in the east 2 unit declined between the early

pre- and early post-treatment periods, before increasing in the

late post-treatment period, the changes were not statistically

significant (Figure 6D). The increase in S. pectinata cover in

the west unit was also not statistically significant. S. pectinata

cover in east 1 remained consistently lower after the early pre-

FIGURE 3
Total chlorophyll (μg/L) in the Delta Marsh (DM) carp
exclusion zone (west, east 1, and east 2 units), 2009, 2010, and
2012–2018, modeled in relation to: (A)DMwater temperature (°C),
(B) Julian date (days), (C) DM inorganic suspended solids (ISS;
mg/L), (D) Lake Manitoba (LKMB) conductivity (μS/cm), (E) LKMB
ammonia (NH3; mg/L), (F) LKMB total nitrogen (TN; mg/L), (G) DM
conductivity (μS/cm), (H) Total annual discharge volume (m3) into
LKMB, and (I) LKMB total phosphorus (TP; mg/L). 95% confidence
intervals (± dotted lines) are shown. Each covariate effect was
isolated by setting all other covariates to their mean values,
averaging over unit*period effects and setting random effects of
site, year, and site*year to zero.
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treatment period. In the late post-treatment period, S. pectinata

cover was significantly greater in the west and east 2 units as

compared to the east 1 unit (Figure 6D). Other species-specific

contrasts were not statistically significant, possibly due in some

cases to extremely low cover values, high relative variability in

cover among SAV mapping transects and treatment periods, or

possibly as a result of how we summed mixed species bed areal

extents.

While the increase in SAV percent cover was significant in

the west unit post-carp exclusion, we observed a decrease in S.

pectinata areal extent in the west unit in 2018 (Figure 5). In late

July and early August 2018, extensive beds of SAV, primarily

composed of S. pectinata, were observed in the west unit (P.

Kowal, personal observation). However, many vegetation beds

had disappeared when the SAV was mapped 15–17 August.

We recorded changes in the dominance and number of SAV

species within the marsh between treatment periods. During the

pre- and early post-treatment periods the dominant SAV species

in the east marsh was S. pectinata;M. sibiricumwas the dominant

species in the east marsh in the late post-treatment period

(Figure 6). In the west marsh, S. pectinata was the dominant

SAV species across pre- and post-treatment periods (Figure 6).

Six SAV species were identified at Delta Marsh in 2014, four in

2016, and eight in 2017 and 2018. Records of sparse occurrences

of some species in 2016 were lost, and therefore our estimates of

species richness are conservative for that year. Potamogeton

pusillus (small pondweed) and Sparganium eurycarpum (giant

bur-reed) were detected in 2017 and 2018 after last being

observed in 1997. In 2017, Chara, a genus of charophyte

green algae characteristic of clear water habitats, was observed

for the first time in recent years, in the east 2 unit.

Discussion

Biomanipulation, through removal or exclusion, has been

widely used to successfully reduce carp biomass in small lakes

(Sorensen Bajer, 2020) and shown to result in significant water

quality improvements such as reduced turbidity, decreases in

chlorophyll-a, and increased SAV (Schrage and Downing 2004;

Kaemingk et al., 2016; Jůza 2019; Huser et al., 2022). However,

most attempts to regulate invasive carp populations have been

largely applied to smaller (<250 ha), isolated water bodies with

limited hydrological connections (Lougheed et al., 2004). For the

most part, carp biomanipulation has been achieved through

physical removal via harvest fishing (Bajer et al., 2011) and

specialized traps (Stuart et al., 2011), water level drawdowns

(Verrill and Berry 1995), chemical/biological removal

mechanisms such as rotenone (Schrage and Downing 2004;

Bonneau and Scarnecchia 2015), use of the koi herpes virus

(McColl et al., 2007), and daughterless carp genetic manipulation

(Brown and Gilligan 2014). However, physical removal is often

only successful in the short term with carp populations usually

rebounding quickly (Tempero et al., 2019) and chemical/

biological removal is not feasible and is challenging within

existing regulatory frameworks on large interconnected

systems with important commercial and indigenous fisheries

such as the Delta Marsh-Lake Manitoba system. Our research

TABLE 1 Tests of contrasts in inorganic suspended solids (ISS) and total chlorophyll (TChl) within the carp exclusion zone during May to July by
treatment period [pre- (2009, 2010, and 2012) and post- (2013–2018) carp exclusion] andmarsh unit (west, east 1, east 2), Delta Marsh, Manitoba.
Contrasts are statistically significant (bold) when 95% confidence intervals exclude 1.00 (CL = confidence limit).

Contrast Estimated Ratioa (Lower 95% CL, Upper
95% CL)

ISS overall post- vs. pre- 0.68 (0.45, 1.02)

ISS west post- vs. pre- 0.41 (0.25, 0.65)

ISS east 1 post- vs. pre- 0.90 (0.59, 1.38)

ISS east 2 post- vs. pre- 0.86 (0.55, 1.33)

ISS change in east 1 vs. change in east 2 1.06 (0.79, 1.40)

ISS changeb in west vs. change in east 1 0.45 (0.33, 0.63)

ISS change in west vs. change in east 2 0.48 (0.34, 0.67)

TChl overall post- vs. pre- 0.79 (0.57, 1.11)

TChl west post- vs. pre- 0.80 (0.54, 1.19)

TChl east 1 post- vs. pre- 0.80 (0.56, 1.14)

TChl east 2 post- vs. pre- 0.78 (0.54, 1.13)

TChl change in east 1 vs. change in east 2 1.03 (0.78, 1.34)

TChl change in west vs. change in east 1 1.00 (0.74, 1.36)

TChl change in west vs. change in east 2 1.03 (0.75, 1.42)

aThe ratios between estimated marginal means (EMMs) for ISS and TChl (e.g., ISS, Post-EMM/Pre-EMM). In computing EMMs, all quantitative covariates in the best approximating

models were set to mean values.
bA contrast of the temporal changes in two different regions (e.g., ISS west post-vs. pre-/ISS east 1 post-vs. pre-).
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FIGURE 4
(A) Estimated marginal means (EMMs) of (A) inorganic suspended solids (ISS; mg/L) and (B) total chlorophyll (μg/L), with 95% confidence
intervals, in the west (red), east 1 (blue), and east 2 (grey) units pre- (2009, 2010, and 2012) and post- (2013–2018) carp exclusion, Delta Marsh,
Manitoba. Different letters (A and B) indicate a statistical difference between periods (pre- or post-carp exclusion) within the same marsh unit.

FIGURE 5
Total areal extent (ha) of submersed aquatic vegetation (SAV) in SAVmapping transects 1–4 in the west (red), 7–13 in the east 1 (blue), and 14–17
in the east 2 (grey) carp-exclusion zones, 1974, 1997, 2009, 2010, 2014, and 2016–2018, Delta Marsh, Manitoba. Dotted lines connect non-
consecutive survey years; solid lines connect consecutive survey years.
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demonstrates that limiting access of large carp using exclusion

structures, specifically during the spawning season, can improve

water clarity and SAV cover in a large freshwater coastal wetland.

Post-carp exclusion we measured increases in water clarity,

and SAV cover and species richness. We saw spatially variable

increases in SAV cover post-carp exclusion which were

accompanied by spatially variable decreases in ISS and to a

lesser extent total chlorophyll, similar to results of other carp

removal studies (Hanson and Butler 1994; Schrage and Downing

2004). Increased water clarity and SAV cover can arise through

several synergistic mechanisms. Increased water clarity allows

deeper light penetration which enhances SAV growth (Robel

1961; Lougheed et al., 1998). Increased SAV cover results in less

wind and wave action; thus lowering sediment disturbance and

resuspension, further increasing water clarity and SAV growth

(Bachmann et al., 2000; Cho 2007; Van Zuidam and Peeters

2015). Hanson and Butler (1994) found that an initial increase in

water clarity after fish removal was caused by increased

zooplankton grazing during the growing season which allowed

for the establishment of SAV; subsequent water clarity

improvements were maintained by SAV lowering sediment

resuspension and algal biomass. The changes in SAV cover

and ISS following carp exclusion at Delta Marsh were

significantly greater in the west unit compared to the east

1 and 2 units. The east 1 unit has larger, more exposed bays

than the east 2 unit, and both units are more open and exposed

than the west unit and this may explain why the effects of carp

exclusion on ISS were muted in the east units relative to the west

unit. This is supported by average 18 h wind speeds and

REI being the two strongest environmental predictors of ISS

at Delta Marsh. The simultaneous existence of both turbid and

clear water states within one shallow aquatic system is possible

depending on the degree of exposure and presence of SAV

(Scheffer et al., 1994), especially in a system as large and

complex as Delta Marsh. The exclusion of carp appears to

have resulted in less resuspension of sediment early in the

growing season, allowing SAV cover to expand compared to

years when carp had free access to the marsh. The exclusion of

carp also likely reduced physical disturbance of SAV.

Furthermore, benthivorous fish like carp are also known to

reduce the erosion resistance of sediment which enhances

sediment resuspension by wave action (Scheffer et al., 2003),

lowering the capacity for SAV establishment. The changes in

water clarity and SAV we observed suggest that the exclusion of

TABLE 2 Tests of contrasts in total submersed aquatic vegetation (SAV) estimated percent cover between treatment period: early pre-carp exclusion
[1974]; late pre-carp exclusion [1997 and 2009–2010]; early post-carp exclusion [2014]; late post-carp exclusion [2016–2018], and marsh unit
(west, east 1, east 2), DeltaMarsh,Manitoba. Contrasts are statistically significant (bold) when 95% confidence intervals exclude 1.00 (CL = confidence
limit).

Contrast Estimated odds Ratioa (Lower 95% CL, upper
95% CL)

west, post- vs. pre- 2.21 (0.72, 6.78)

east 1, late post- vs. late pre- 1.06 (0.37, 3.09)

east 1, late post- vs. early pre- 0.38 (0.13, 1.07)

east 1, early post- vs. late pre- 1.03 (0.25, 4.33)

east 1, early post- vs. early pre- 0.37 (0.09, 1.51)

east 1, late pre- vs. early pre- 0.36 (0.11, 1.14)

east 1, late post- vs. early post- 1.03 (0.27, 3.95)

east 2, late post- vs. late pre- 4.31 (1.64, 11.3)

east 2, late post- vs. early pre- 1.30 (0.49, 3.47)

east 2, early post- vs. late pre- 0.79 (0.17, 3.70)

east 2, early post- vs. early pre- 0.24 (0.05, 1.12)

east 2, late pre- vs. early pre- 0.30 (0.09, 0.99)

east 2, late post- vs. early post- 5.46 (1.37, 21.7)

late post-, west vs. east 1 6.84 (2.99, 15.6)

late post-, west vs. east 2 0.84 (0.43, 1.67)

late post-, east 2 vs. east 1 8.11 (3.57, 18.4)

late pre-, west vs. east 1 3.29 (0.89, 12.2)

late pre-, west vs. east 2 1.65 (0.44, 6.10)

late pre-, east 2 vs. east 1 2.00 (0.61, 6.54)

early pre-, east 2 vs. east 1 2.38 (0.74, 7.68)

early post-, east 2 vs. east 1 1.54 (0.27, 8.78)

aThe ratios between odds of total SAV estimated percent cover (e.g., odds of west unit SAV cover, late post-/late pre-).
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carp coupled with the wind sheltered hydrogeomorphic nature of

the west unit allowed for a rapid recovery in both water clarity

and SAV there.

Historically, sago pondweed was a dominant species in Delta

Marsh, and was very important as a food source to waterfowl

(Anderson and Low 1976; Gordon 1985). Thus, there is

significant interest in its response to carp exclusion. Anderson

(1978) found that the distribution of S. pectinata at the marsh was

highly correlated to site exposure and our observations regarding

site exposure support this. The large exposed bays of the east

1 unit have seen greater shoreline and island erosion compared to

the other marsh units (Wrubleski et al., 2016), and since the early

1970s. S. pectinata has remained consistently low in that unit.

While the increase in SAV percent cover, primarily consisting of

S. pectinata, was significantly greater in the west unit post-carp

exclusion we observed a decrease in SAV areal extent in

2018 there that we speculate was due to early senescence

caused by extremely low water levels, wave action, and

grazing by waterfowl.

The exclusion of large carp from Delta Marsh resulted in

increased water clarity and SAV cover and species richness

despite carp exclusion coinciding with some of the highest

water levels recorded on this system since the 1960s as a

result of major flooding events in 2011 (Blais et al., 2016) and

FIGURE 6
Percent cover and 95% confidence intervals of (A) total submersed aquatic vegetation (SAV) and the three most common SAV species [(B)
Ceratophyllum demersum, (C)Myriophyllum sibiricum, and (D) Stuckenia pectinata] in SAV mapping transects and 1–4 in the west (red), 7–13 in the
east 1 (blue), and 14–17 in the east 2 (grey) carp exclusion units, Delta Marsh, Manitoba. Treatment periods are defined as: early pre-carp exclusion
(1974), late pre-carp exclusion (1997, 2009–2010), early post-carp exclusion (2014), and late post-carp exclusion (2016–2018). Percent cover
included homogenous vegetation beds and mixed species bed assemblages where each species occurred. Different letters (A–C) indicate a
statistical difference between treatment periods within the same species and unit. Different numbers (1–3) indicate a statistical difference between
units within each SAV group (total SAV or species) and treatment period.
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2014 (Ahmari et al., 2016). Because increased water levels often

decrease SAV abundance (Robel 1961; Scheffer et al., 1992) we

expect that the exclusion of carp from Delta Marsh will result in

greater water clarity and SAV cover under more normal water

levels. Furthermore, these improvements have occurred during a

period when Lake Manitoba, and Delta Marsh itself have

experienced increased nutrient loading as a result of frequent

operation of the Portage Diversion, which is the single largest

input of nutrients to Lake Manitoba when it is in operation (Page

2011).Warmwater temperatures and high nutrient availability in

the water column promote blue-green algae growth which

restricts water transparency (Kosten et al., 2012; Beaulieu

et al., 2013). Nutrient loading can also mimic the detrimental

impact of carp presence by promoting phytoplankton growth,

possibly overriding the effects of carp on water quality in nutrient

rich water (Badiou and Goldsborough 2015). Because

benthivorous fish, like carp are known to interact

synergistically with nutrient loading to increase phytoplankton

biomass (Drenner et al., 1998), it is possible that our carp

exclusion project is also helping to mitigate the impacts of

high nutrient loading into Delta Marsh.

While the exclusion of large carp resulted in increased water

clarity and SAV cover (this study) and increased use by diving

ducks (Bortolotti et al., 2022—submitted), maintaining these

conditions in light of other stressors being experienced at

Delta Marsh such as increasing nutrient loading, stabilized

water levels, and invasive hybrid cattail will necessitate

ongoing monitoring and assessment of marsh conditions. Of

these stressors, focusing on managing nutrient inputs from the

agriculturally dominated portions of the Delta Marsh watershed

should be investigated as a supplementary mechanism for

sustaining and potentially improving conditions that favor

water clarity and increased SAV cover over time.
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Degraded peatland has reduced many ecosystem services, such as water quality and

quantity, biodiversity, carbon storage, climate regulations, and other cultural benefits.

Therefore, several initiatives for the restoration of degraded peatland (RDP) have

attempted to restore the ecosystem processes, productivity, and services of the

degraded peatland to its original natural condition. Notwithstanding the popularity

of RDP research among researchers and industry practitioners, a quantitative

technique to map a comprehensive survey of the intellectual core and the general

body landscape of knowledge on RDP research does not exist. In this study, a

scientometric analysis was employed to analyze 522 documents using VOSviewer

and CiteSpace. The Web of Science database was used to retrieve bibliographic

records using the advanced search “TS (topic) = (‘drained peatland restoration’ OR

‘drained bog restoration’ OR ‘drained mire restoration’ OR degraded peatland

restoration’ OR ‘degraded bog restoration’ OR ‘drained peatland reclamation’ OR

‘drained bog restoration’ OR‘ degraded peatland reclamation’ OR ‘degraded bog

reclamation’ OR‘ drained mire restoration’ OR ‘degraded mire reclamation’ OR

‘degraded fen restoration’ OR ‘drained fen reclamation’). “The outcome sought to

provide relevant information inRDP research, such as (i) publication trends, (ii) research

outlets, (iii) most influential keywords, (iv) most influential institutions and authors, and

(v) top influential countries active in RDP research. In addition, four clusters were

identified to ascertain the central themeofRDP research, inwhich cluster one is linked

to the central research theme-“ impact of drainage on peatland ecosystem services;

cluster two focused on the impact of peatland restoration on greenhouse gas

emissions; cluster three is associated with peatland restoration and biogeochemical

properties; and cluster four is related to peatland restoration and species richness. A

new research hotspot, such as soil respiration,was identified via the keywordswith the

strongest citation bursts. This study will provide various stakeholders (e.g., industry,

journal editors, policymakers, and researchers) with an instinctive understandingof the

research status and the development frontier of RDP research.

KEYWORDS

peatland restoration, degraded peatland, scientometric, publication trend analysis,
greenhouse gas, drainage

OPEN ACCESS

EDITED BY

Chuanyu Gao,
Northeast Institute of Geography and
Agroecology (CAS), China

REVIEWED BY

Liang Yang,
Northeast Institute of Geography and
Agroecology (CAS), China
Miriam Groß-Schmölders,
University of Basel, Switzerland

*CORRESPONDENCE

Samuel Obeng Apori,
d21125192@mytudublin.ie
Furong Tian,
furong.tian@tudublin.ie

SPECIALTY SECTION

This article was submitted to
Conservation and Restoration Ecology,
a section of the journal
Frontiers in Environmental Science

RECEIVED 13 May 2022
ACCEPTED 04 July 2022
PUBLISHED 04 October 2022

CITATION

Apori SO, Mcmillan D, Giltrap M and
Tian F (2022), Mapping the restoration of
degraded peatland as a research area: A
scientometric review.
Front. Environ. Sci. 10:942788.
doi: 10.3389/fenvs.2022.942788

COPYRIGHT

© 2022 Apori, Mcmillan, Giltrap and
Tian. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Environmental Science frontiersin.org01

TYPE Review
PUBLISHED 04 October 2022
DOI 10.3389/fenvs.2022.942788

218

https://www.frontiersin.org/articles/10.3389/fenvs.2022.942788/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.942788/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.942788/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.942788&domain=pdf&date_stamp=2022-10-04
mailto:d21125192@mytudublin.ie

mailto:furong.tian@tudublin.ie
https://doi.org/10.3389/fenvs.2022.942788
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.942788


1 Introduction

Peatlands are found in an estimated 180 countries (Parish

et al., 2008), covering 4.23 million km2, or 2.84% of the global

land area. They play a significant role in mediating the ecosystem

functions, such as carbon storage, rich biodiversity, water

retention and water quality, and livelihood (Joosten, 2009; Xu

et al., 2018).

Nevertheless, most countries have degraded more than half

of their original peatland coverage for agriculture and energy.

One of the major causes of degradation of peatlands is the

drainage for timber production, affecting approximately

15 million hectares in the northern boreal subarctic regions

(Strack et al., 2008). It has been estimated that 50 million ha

(13%) of peatlands have been directly altered by human land use

in most European countries (Lappalainen 1996; Strack et al.,

2008; Tanneberger and Wichtmann 2011). For example,

Germany has degraded more than 85% of its original

peatlands, an estimated 930,000 ha of drained peatlands

(Joosten et al., 2017). In Ireland, peat soils cover 21% of the

total land area, with a total peatland area of 1,564,650 hectares,

but it is estimated that only 10% of raised bogs and 28% of

blanket bogs are in a natural state (Pike, 2021). Peatlands make

up 12% of the Southeast Asia, estimated to be around 27 million

peatlands (Joosten et al., 2017). However, out of 27 million

hectares of peatland, 12 million hectares (45%) are currently

degraded. For example, in the past 15 years, it has been estimated

that 3 million hectares of Indonesia’s peatlands have been burned

to make way for farming and logging. In Scotland, 70% of blanket

bogs and 90% of raised bogs have been damaged.

Degraded peatland has reduced many ecosystem functions,

such as water quality and quantity, biodiversity, and climate

regulations (Bonn et al., 2016). Many studies have indicated that

huge amounts of carbon have been emitted into the atmosphere

due to peatland deforestation and degradation, draining, and

repeated fires (Ballhorn et al., 2009; Jaenicke et al., 2010; Hooijer

et al., 2014). The removal of above- and below-ground biomass,

peat decomposition and oxidation caused by drainage, and peat

combustion are all major sources of carbon loss and CO2

emissions into the atmosphere. Meanwhile, the application of

N fertilizers on degraded peatland acts as a source of N2O

emission, especially when nitrogen fertilizers have been added

to promote agricultural productivity (Dohong et al., 2017; Mishra

et al., 2021). Tree harvesting by clear-cutting on drained peatland

has also been reported to enhance the leaching of dissolved

organic C (DOC), dissolved organic N (DON), and mineral N to

surface waters and the nearest catchment in a boreal peatland

(Könönen et al., 2018). The clear-cutting of trees exposes the peat

surfaces to direct sunlight, which and stimulates the

decomposition of the drier peat through increased aerobic

mineralization, causing high concentrations of DOC and

associated watercolor to upland and seminatural catchments

(Hooijer et al., 2014). Therefore, several restorations of

degraded peatland (RDP) initiative has been attempted to

restore the ecosystem processes, productivity, and services of

the degraded peatland to its original natural condition

(Haapalehto et al., 2011; Bonn et al., 2014).

RDP research has received considerable attention from

researchers but is not limited to industry practitioners, with

several researchers publishing traditional review papers from

different aspects to summarize its development and effectiveness.

Several review studies have made significant contributions to the

RDP research discourse (Prince et al., 2003; Andersen et al., 2017;

Chimner et al., 2017; Dohong et al., 2018; Leifeld and Menichetti,

2018; Harrison et al., 2020). Regardless, using the traditional

reviews has some limitations because it has been qualitative and

is subjected to manual evaluation according to the researcher’s

experience, which has been disparaged for irreproducibility and

predilection to subjective biases (Hammersley, 2001; Yu and

Liao, 2016).

According to Markoulli et al. (2017), traditional reviews seek

to investigate the “trees,” but do not provide a wide overview of

the “forest.” In addition, most existing review work has narrowed

perspectives focusing on specificity, limiting aspects of RDP

research. For example, Yuwati et al. (2021) review work

focused on the restoration of degraded tropical peatland in

Indonesia, while Dohong et al. (2017) study focused on a

review of the drivers of tropical peatland degradation in

South-East Asia. However, to the best of our knowledge, the

existing literature on RDP is restricted to specific locations and

review studies that provide a complete insight into RDP using the

quantitative technique are inadequately examined. To fill this

gap, the present study employs analytical algorithms to map a

comprehensive survey of the intellectual core and the landscape

of the general body of knowledge on RDP research. Specifically, a

scientometric analysis was examined to evaluate the intellectual

discourse and landscape of the general body of knowledge of (i)

publication trend of RDP; (ii) country’s co-authorship analysis,

keywords co-occurrence analysis, research outlet analysis and

document citation analysis, and (iii) a comprehensive discussion

on key themes using the keywords co-occurrence analysis.

1.1 World peatland coverage

Peatlands are a distinctive wetland type that are characterized

by the accumulation of partially decayed organic matter,

resulting in the formation of peat layers (Likens, 2009). To

date, there is no accepted standard definition of “peat” and

“peatland,” with different interest groups often using their

definitions for peatland. For example, Burton & Hodgson

(1987) define peat or peatland as > 50% OM, measured as a

loss on ignition, while Joosten and Clarke (2002) determined

peatland or peat as sedentarily accumulated material which

consists of about 30% (dry mass) of dead organic material. In

Ireland, 45-cm thick peat moss is considered a peatland, while
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Germany’s minimum thickness is approximately 30 cm (Steffens,

1996).

Peatlands cover 2.84% of the global land area, mainly in

the mid-high latitudes of the Northern Hemisphere, with

Canada containing 27% of the world’s peatlands and is the

second country with the most peatlands after Russia (Xu

et al., 2018). Bogs and fens are the dominant peatland types in

Canada. Bogs cover 67% (762 × 103 km2) of the total peatland

area and fens cover 32% (367 × 103 km2), while marshes and

swamps cover the remaining 1% (Tarnocai, 2006). Boreal

(and polar), temperate, and tropical zone contribute about

83.3%, 4.0, and 12.7%, respectively, to the total peatland

coverage (Leifeld and Menichetti, 2018). Active peat

formation is found in the moist temperate climates

predominate in the northern areas of the circumboreal

taiga zone of coniferous forests, Finland, Alaska, and

Canada (Tarnocai and Stolbovoy, 2006). The percentages

of the global breakdown of peatland area coverage

(4.23 million km2) are shown in Figure 1, with the highest

and the lowest percentage of peatland coverage from Asia and

the Ocean, respectively.

In addition, peatlands are predominant outside the boreal

zone proper in Ireland, Scotland, Germany, southwest

Sweden, and northern Poland, northern Minnesota, and

the Everglades of Florida (Sjörs, 1980). Canada contains an

estimated of 27% of the world’s peatlands and is the country

with the most peatlands after Russia. Generally, peatlands are

widespread in Asia, North America, Europe, and South

America (FAO, 2012).

1.2 Types of peatland

Peatland formation results from flooding or waterlogged

conditions, which results in the inhibition of organic materials

decompositions, specifically plant material, due to the oxygen

diffusion being impeded by the flooding conditions (Dise, 2009).

There are many different ways of classifying peatland based on

the purposes of the classifications. Recently, peat-forming

systems have been classified into two broad peat-forming

types based on the hydrogenetic type: the ombrogenous

(nutrient-poor bogs) and geogenous bogs (fen), which differ

in vegetation cover, water availability, and nutrient supply,

geography and climate, and many more (Flores-Moreno et al.,

2016). Water availability on peatland surfaces is significant for

the distribution of vegetation, biomass productivity, nutrient

transfer, decomposition, and preservation of organic matter in

the peatland types. Nutrients (chemical elements, compounds,

and metals) supplied to the peatland stimulate the growth

metabolism of plants, either positively or negatively affecting

the biodiversity, thereby influencing the type of peatland form

(Lamers et al., 2012).

Topography and climate conditions are factors that cannot

be ignored during peatland formation because they affect the

productivity of the ecosystem by influencing the phytosociology,

biomass production, energy flux, plant dynamics, and soil and

nutrient cycling (Graniero and Price, 1999). For example,

herbaceous plant remains in the temperate climatic region

produce fibric to hemic peats during decomposition; while in

the humid climatic region highly decayed woody plant remains

FIGURE 1
Percentage of the world’s peatland coverage. Data used was retrieved from PEATMAP (Xu et al., 2018). As a result, 4.23 million km2 was used as
the total global peatland area coverage.
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produce hemic to sapric peats, influencing the nutrient flux and

types of peat form (Flores, 2014).

Ombrogenous peatlands (bog) receive water and nutrients

from the atmosphere because they are isolated from the

groundwater. They are found mainly in the temperate and the

tropics region, with differing peatland types, vegetation cover,

peat depth, and topography (Joosten & Clarke, 2002; Lavoie et al.,

2005a). Unlike fen, ombrogenous bog depends only on rainfall

for water and nutrient supplies, which influence the vegetation

and the plant biomass cover. This results in the formation of an

above-ground biomass, which is known as raised or blanket bogs

(Nykänen et al., 1998: Flores, 2014).

A raised bog is characterized by complex structures of

organic debris reaching an estimated thickness of 12 m,

comprising three sediments stratigraphy, namely a basal tier

of the bog formed under minerotrophic groundwater, sub-

surface, and upper tiers (Hammond, 1981). In addition, the

layers formed in the raised bog consist of a loose living moss

at the surface, dead moss, and a partially decomposed peat that

retards evapotranspiration during the intense temperature rise,

hence protecting the bog from water loss (Minayeva and Sirin,

2011). Raised bogs consist of low concentrations of dissolved

nutrients and low pH (<5.0) with sphagnum mosses, but can also

contain patches of sedge (Carex sp.), small shrubs, and trees

(Bubier et al., 1995).

A blanket bog consists of peat in a moderately deep

accumulation of 2.6 m thick that is deposited on gentle to

steep slopes (Hammond, 1981), having a low pH (<5.0), and
a predominate vegetation cover of Vaccinium myrtillus,

t’mpetrum nigrum, and Diplophyllum_albican. The onset of

the blanket bog formation is closely correlated with climatic

deterioration within the post-glacial period. Its formation is

controlled by climatic factors such as rainfall (>1,250 mm),

high atmospheric humidity, and topography (Hammond,

1981). The topography influences the flow of nutrients

leached by rain and the vegetation distribution, as reported by

Hammond (1981). The high acidity of ombrotrophic bogs

originates from their organic acids, predominately fulvic and

humic acid, and the sequestration of cations in peat. Generally,

the pH of the blanket and the raised bogs is dependent on the

carboxylic acid (R−COOH) content of dissolved organic matter

(DOM) originating in the peat, ion exchange with living plants

(e.g., bryophytes), and the nutrient content received from their

atmosphere (Sjörs and Gunnarsson, 2002).

Fens are wetlands with accumulated peat of 40 cm thick,

receiving water and nutrients from rainfall, inflowing streams,

and groundwater, making them fertile for plant growth

compared to the ombrogenous peatlands. The enriched water

from the inflowing streams and the surrounding watershed

provides an array of minerals for a diverse plant community

and stimulates the degree of oxygenation to the organic substrate,

thereby accelerating peat decomposition (Miettinen & Liew,

2010). The formation of geogenous bogs occurs at raised bogs

bases (ombrogenous bogs) and the central plain, in river valleys,

and poorly drained hollows adjacent to raised bogs. The fens are

characterized by acidic to alkaline water ranging from 4.5 to 7.5,

with brown mosses and herbaceous plants as the common

vegetation (Crum, & Planisek, 1992). The high pH of the fen

is due to the input of water and minerals from the ground,

overland runoff, and the nearby watershed serving as a source of

more mineral-derived alkalinity and higher pH (Bridgham et al.,

1999). With increasing pH, Sjörs (1950) subdivided fen into

acidic fens, intermediate fens, and rich fens. Sjörs and

Gunnarsson (2002) conclude that the high pH of an intact or

undisturbed fen peatland is due to the release of bicarbonate and

carbonate from the groundwater to buffer the pH of the fen.

1.3 Effect of degraded peatland on
ecological functions

The impact of peatlands that have been degraded or

disturbed has changed in physical characteristics, biology, and

chemistry, resulting in a loss of the ecological function of the

peat, putting environmental and social-economic development at

risk (Maftu’ah et al., 2019). Some of the repercussions of

disturbing peatland include hydrophobicity, increased soil

acidity, and decreased total organic carbon (TOC) and total

organic nitrogen (TON) (Anshari 2010). Irreversible drying

conditions indicate degraded peat features (Salmah et al.,

1991). According to Valat et al. (1991), the hydrophobic

character of peat soil is caused by: the presence of humic acid,

which is naturally hydrophobic because its particles are covered

by wax; the presence of non-polar groups, such as ethyl, methyl,

and temporary aromatic compounds, which cause the

hydrophilic group to decrease; and the absorption of

hydrophobic substances, such as oil, fat, and N-organic

fractions on the surface of the humic fraction. Soil

hydrophobicity can aid in evaluating soil quality and fertility

factors (Matejková and Simon, 2012). According to Maftu’ah

et al. (2019), soil water content at the study site showed a

substantial variation. Compared to natural peatlands and

agricultural land, there was a considerable decrease in water

content in degraded peatlands, reaching more than 3 times lower.

Soil pH in degraded peatlands is 3.62, whereas in agricultural

soils it is 4.70 (Maftu’ah et al., 2019). According to Maftu’ah et al.

(2019), the overall pH of soil differed significantly. Ion H+ and

Al3+ were the main sources of the low pH in the peat in the

examined area (Maftu’ah et al., 2019). The dissociation of organic

acids, specifically plant-derived acids, which are usually

dominated by fulvic and humic acid in peat was the source of

the H+ ion. Organic acids play a significant role in peat soil’s low

pH. Carboxylates (R-COOH) and phenols (C6H4OH) are the

most abundant reactive groups in decomposed organic matter,

and they dominate the exchange complex. Strong organic acids

can dissociate and produce enormous amounts of ions. The
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presence of Al ions is also a source of higher acidity (Maftu’ah

et al., 2019).

In an experiment, disturbed or degraded peatlands had the

highest total N values, while natural peatlands had the lowest

(Maftu’ah et al., 2019). This happens because plant materials

contribute to organic matter in the soil, and natural peatlands

have low decomposition rates, which may help maintain high

organic matter (Maftu’ah et al., 2019). Because bog drainage has

been demonstrated to boost production rates, dissolved organic

carbon (DOC) concentrations are a particular concern in

degraded peatlands (Bussell et al., 2010). This could be due to

increased microbial activity and phenolic component breakdown

caused by oxygenation (Fenner and Freeman, 2011) and changes

in peat structure (Minkkinen and Laine, 1998; Holden, 2005).

Other nutrients, such as nitrogen (N) and phosphorus (P), which

are held in substantial amounts in the upper layers of peat soils

are also prone to losses as a result of oxygenation and subsequent

mineralization (Miller et al., 1996; Tiemeyer et al., 2007).

Peatland is one of the World Wildlife Fund’s internationally

important ecological regions (Brooks et al., 2006). The majority

of wild animals and flora have been known to thrive in this

location due to ideal habitats (e.g., fertile soil, rainforest, and a

favorable environment) (Adesiji, et al., 2015). According to

Parish and Looi (1999), agricultural development causes

peatland removal, which results in a loss of biodiversity and

habitat for some indigenous flora and wildlife. Prior to the

invasion of peatlands for logging and expansion of oil palm

plantations, there was a high level of vegetation and fauna

(Adesiji, et al., 2015).

Emissions from degraded peatlands are estimated at

2 gigatonnes of CO 2e annually, due to peatland deforestation

and degradation, draining, and repeated fires (Zheng et al., 2021).

The removal of above- and below-ground biomass, peat

decomposition and oxidation caused by drainage, and peat

combustion are all major sources of carbon loss and CO2

emissions; Hooijer et al., 2012; Hooijer et al., 2006). Draining

peatland for large-scale agriculture and industrial plantations has

been a global concern in recent decades due to significant CO2

emissions from peat oxidation and decomposition, which

contribute to global climate change (Hooijer et al., 2012;

Biancalani and Avagyan, 2014).

2 Methodology

This current study employs analytical algorithms that are

known as scientometrics to detect the intellectual structure of

RDP by analyzing the major topic studied, and the connections

among researchers and major studies (Nikolenko et al., 2017).

Scientometric is a subset of informetric analysis process and

visualization of bibliometric data of a particular research theme.

This method is useful for visualizing significant patterns and

trends in RDP research discourse. Scientometric studies produce

an authentic and less skewed result that is not influenced by any

individual’s or author’s perspective (Martinez et al., 2019; Şenel,

2019; Baker et al., 2021). Furthermore, it provides solutions to the

difficulties experienced by scholars doing traditional reviews and

connects journals, keywords, writers, publications, and nations

within a specific study topic (Darko et al., 2020; Zhang et al.,

2021). Therefore, this study uses maps and bibliometric data to

quantify research trends and highlight research hotspots in the

RDP research discourse.

2.1 Data collection and search strategy

The Web of Science (WOS) database was selected to retrieve

bibliography information of documents in RDP research. TheWOS

was chosen for the data collection because its research entails over

3,300 carefully selected publishers and over 12,000 high-impact

journals, indexed in the database since 1900 (Li et al., 2021). The

data used for this study was extracted on 15 January 2022, from the

online library of the Technological University Dublin using the

advanced search “TS (topic) = (‘drained peatland restoration’ OR

‘drained bog restoration’ OR ‘drained mire restoration’ OR

degraded peatland restoration’ OR ‘degraded bog restoration’

OR ‘drained peatland reclamation’ OR ‘drained bog restoration’

OR ‘degraded peatland reclamation’OR ‘degraded bog reclamation’

OR ‘drained mire restoration’ OR ‘degraded mire reclamation’ OR

‘degraded fen restoration’ OR ‘drained fen reclamation’). If the

defined terms appeared in the title, keywords, or abstracts, then the

documents would be identified. In addition, data refinement

techniques were employed such that the “document type” was

limited to “review” and “article” only, while the language type was

limited to English only and the “timespan” was set to “1945 to

2021.”As a result, 522 documents were retrieved by keyword based-

bibliometric for the scientometric analysis. Retrieved documents

from the WOS database were then saved in “plain text” with “full

record and cited references”.

2.2 Science mapping

Scientometric techniques such as network construction

through keywords co-occurrence analysis, document co-

citation analysis, citation burst analysis, outlets direct citation

analysis, and co-authorship analysis were carried out via

VOSviewer and CiteSpace. Vosviewer and the CiteSpace were

selected as science mapping tools to analyze the retrieved

bibliographic data in the RDP research discourse. Vosviewer

is a software tool that offers basic functionality for producing,

visualizing, and exploring bibliometric networks (Van Eck &

Waltman, 2020).

The output of the VOSviewer is a distance-based map that

consists of nodes and edges, whereas the node size reveals the

frequency of occurrence of a topic in the abstract and titles of
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published documents in relation to specific research topics and

the edges indicate the relations among the nodes, strength, and

weight of the relations (Perianes-Rodriguez et al., 2016; Oraee

et al., 2017). In addition, the total length strength is attributed to

the strength of the relationship between nodes, as reported in

Elisha and Viljoen (2021), while a link referred to a connection or

a relationship between two items.

Fractional counting was selected to create the distance-based

map. The idea of selecting fractional counting is to decrease the

influence of documents having many authors such that the co-

authorship link strength between two authors is evaluated not

only by the number of documents co-authored by the authors but

also by the total number of authors of each of the co-authored

documents (Van Eck & Waltman, 2013).

Similarly, to the VOSviewer, the CiteSpace also performs

visual analytic functions of science mapping, as reported in Chen

(2006). In this study, burst detection in CiteSpace was used to

provide evidence of which keywords have frequently been cited

within RDP research. The burst detection in CiteSpace is based

on Kleinberg’s algorithm (Kleinberg, 2002).

2.2.1 Keywords co-occurrence analysis
Keywords represent a published document’s content or the

core theme of a research paper, (Cobo et al., 2011; Van Eck &

Waltman, 2014; Shrivastava, & Mahajan, 2016). According to Su

and Lee (2010), keyword analysis offers an opportunity to

ascertain the central theme of particular research topics (Chen

et al., 2021; Van Eck and Waltman, 2014; Hosseini et al., 2018:

van Eck et al., 2010). To compute the visualization of the

keywords, all keywords were used rather than the author’s

keywords. According to Hosseini et al. (2018), using all

keywords for mapping-based studies produces a large number

of terms that are not solely dependent on authors’ experience and

knowledge in choosing appropriate research keywords. All of our

keywords have been widely used in several science mapping-

based studies (Ravikumar et al., 2015; Williams et al., 2016;

Zhang et al., 2017; Fridell et al., 2020). A total of 2,578 keywords

were obtained from the WOS database using the fractional

counting methodology. Regarding the “minimum number of

occurrences” for a keyword to be included in the network, a

value of 9 was selected, and the inclusion criterion was met by

103 of the 2,578 keywords.

2.2.2 Outlets direct citation analysis
Outlets’ direct citation analysis can be significant to

researchers in identifying the best journals for their research

publication (Hosseini et al., 2018). Furthermore, according to

Guidry et al. (2004) and Darko et al. (2019), performing outlets’

direct citation analysis assists the journal editors in making

adjustments to the goals and objectives of their journals, and

assists institutions/libraries in optimizing the resources

allocation for investing in journals. A total of 181 sources

were obtained from the WOS database using the fractional

counting methodology. The “minimum number of documents

of a source” and the “minimum number of citations of a source”

were set to 5 and 60, respectively. Of the 180 sources found,

20 items met the threshold and were added to the resultant

network for the outlet’s direct citation analysis in RDP research.

2.2.3 Document citation networks in RDP
Document citation analysis helps to reveal the intuition of the

structure of a scientific knowledge domain. The concept of citation

has been used as a research method to measure the degree of

relationship between documents and the impact of the publication.

Therefore, citation analysis of documents was computed to analyze

the citations of documents in the RDP research domain. A total of

522 documents were reported using the fractional counting

methodology. The minimum number of citations of the

documents” was set to 70. Of the 522 documents found,

18 itemsmet the threshold and were added to the resultant network.

2.2.4 Co-authorship analysis
Co-authorship networks can evaluate scientific collaboration

networks. The minimum number of documents of an author and

citations were set to 7 and 40, respectively. Of the 1,366 authors,

only 15 authors met the threshold and were added to the

resultant network.

2.2.5 Active countries in the RDP research
The significance of determining the most active countries in

the RDP research domain is to enhance future collaboration,

specialties, and expertise, and can promote the exchange of

technologies and innovation among countries, as reported in

Wuni et al. (2019). The resultant network was generated by

setting the minimum number of documents and the citation of a

country to 11 and 20, respectively. Of the 51 countries of RDP

research discourse, 12 met the threshold.

3 Results and discussion

3.1 Publication trend of RDP research

The RDP literature data retrieved fromWOS revealed that

RDP research began in 1991, based on our search keywords, as

seen in Figure 2. The first study was conducted by Van

Diggelen et al. (1991), who analyzed the hydro-ecology of

the fen system at Leiper Posse in eastern Germany. Poddubny

and Galat conducted the second study, which was published in

the Regulated Rivers: Research & Management journal.

Poddubny and Galat’s (1995) research, which was titled

“Habitat associations of upper Volga River fishes: effects of

reservoirs”, recommended that the restoration of degraded

bog areas or flood plains can enhance the diversity and

productivity of fishes in the upper Volga River. This

indicates that RDP research has been around since 1991.
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Figure 2 shows the publication trend of RDP from 1991 to

2021. The number of documents published increased from

1 document in 1991 to 61 documents in 2021. Figure 2 shows

an exponential increase of published documents over the

reported period (1991–2021), which may probably be due

to the world recognition of the significance of RDP research in

the enhancement of ecosystem services. Examples of

ecosystem services indicators that have been reported to

enhance after the restoration of degraded peatland from

1991 to 2021 include atmospheric CO₂ sequestration

(Waddington and Warner, 2001), vegetation (Tuittila et al.,

2000), organic carbon (Wallage et al., 2006), porewater

(Meissner et al., 2003) and so on. A steady and tremendous

increase in RDP research was observed from 2012 to 2015,

with a sharp decrease in 2016. Unexpectedly, there was an

increase in published documents from 2019 to 2021.

The rising importance of RDP research agrees with

Andersen et al.’s (2017) and Waddington et al.’s (2010)

findings that most countries have degraded more than half

of their original peatland coverage for agriculture and energy

use, resulting in greenhouse gas emissions. Therefore, RDP

research aims to decrease greenhouse gas emissions and

enhance on-farm biodiversity conservation and other

environmental-related issues. For example, Chapman et al.

(2012) emphasized that integrating RDP as mitigation

measures for reducing greenhouse gas (GHG) in Scotland

could provide up to 2.7 Mt CO2-eq savings per year. A similar

observation was made in Ireland that restoring degraded

peatland through rewetting could reduce CO2 emissions by

enhancing C sequestration, as Wilson et al. (2012) and Wilson

et al. (2013) reported.

An overview of the RPD is presented in Table 1. As observed

in Table 1, the total number of citations increased from 1991 to

2021. However, a slight fluctuation of citations per published

document is seen with the highest total times cited observed in

2021. Therefore, based on search keywords in this study, it can be

deduced that since RDP started in 1991, there have been

522 published documents, achieving total times cited of

10,480 in the RDP research field.

3.2 Structure of the body of knowledge in
RDP: Research outlet, keywords co-
occurrence analysis, and document
citation analysis

3.2.1 Keywords co-occurrence analysis
The keywords co-occurrence network analysis helps to

group the keywords into different clusters. Four clusters

were obtained entailing 74 nodes, 2,730 links and a

total link strength of 1,242.50, as seen in Figure 3,

depicting the major keywords and their inter-relatedness

FIGURE 2
Trends in the RDP publication from 1991 to 2021.
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of the current RDP research. The colors of each node indicate

the different clusters to which the terms belong. A term was

assigned to each cluster to provide in-depth interpretation

and understanding of the central research theme within

the RDP.

3.2.1.1 Cluster #1

Keywords explaining peatland drainage impact are classified

into cluster one, represented in yellow, containing drainage,

climate change, hydrology, water, hydraulic conductivity, and

fire (Figure 3). The analysis of all keywords revealed that the

keywords in cluster one are linked to the central research theme

“impact of drainage on peatland ecosystem services,” which

suggests that peatland drainage is a major threat to peatland

degradation.

Peatland formation results from flooding or waterlogged

conditions, which results in the inhibition of organic materials

decompositions, specifically plant materials, due to the oxygen

diffusion being impeded by the flooding conditions (Dise, 2009).

As a result, peatland drainage is being done by constructing

drainage canals to lower the groundwater table, which allows

peatland conversion to various land uses such as agriculture,

plantation, forestry, and mining (Jaenicke et al., 2010; Rydin et

al., 2013). However, the depletion of the groundwater leads to

peat oxidation, consolidation, and shrinkage resulting in peat

subsidence, carbon emissions, and increased fire hazards, all of

which exacerbate climate change (Hooijer et al., 2012; Dohong

et al., 2017).

The peatland drainage issues are closely tied to climate

change consequences, which is a major environmental

TABLE 1 Characteristics by year of publications of the RDP, from 1991 to 2021.

Published Year Total publications (TC) Total
times cited (TP)

TC/TP % Total Publication

1991 1 0 0 0.2

1992 * * * 0

1993 * * * 0

1994 * * * 0

1995 2 2 1 0.4

1996 5 17 3 1.0

1997 3 12 4 0.6

1998 3 26 9 0.6

1999 3 38 13 0.6

2000 5 35 7 1.0

2001 5 61 12 1.0

2002 5 53 11 1.0

2003 8 78 10 1.5

2004 3 72 24 0.6

2005 3 90 30 0.6

2006 5 108 22 1.0

2007 10 110 11 1.9

2008 10 115 12 1.9

2009 12 162 14 2.3

2010 16 246 15 3.1

2011 23 255 11 4.4

2012 19 295 16 3.6

2013 26 377 15 5.0

2014 30 508 17 5.7

2015 38 561 15 7.3

2016 34 786 23 6.5

2017 46 801 17 8.8

2018 32 902 28 6.1

2019 53 1,082 20 10.2

2020 58 1,330 23 11.1

2021 64 1,603 25 12.3

*No publication found.
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phenomenon (Prévost et al., 1999; Waddington and Price, 2000;

Holden et al., 2004; Joosten, 2009; Hooijer et al., 2012). Therefore,

there is no doubt that RDP research has been focused on how

drainage affects climate change, water chemistry, and hydrology,

serving as the justification for the RDP according to the keywords

seen in cluster 1. In cluster one, drainage has the highest keyword

occurrence and strong links to climate change and other

keywords, which implies that drainage significantly impacts

climate change.

Notwithstanding the less coverage of peatland worldwide, it

plays a significant role in mediating fluxes of carbon dioxide

(CO2), methane (CH4) and nitrous oxide (N2O) between soil and

the atmosphere (Martikainen et al., 1993). Peatland drainage

stimulates soil aeration and oxygen concentrations, facilitating

the growth and activity of aerobic microbes resulting in soil

organic carbon decomposition, and thereby reversing the carbon

flux into a net CO2 emission into the atmosphere (Nykänen et al.,

1998; Blodau, 2002; Smith, & Conen, 2004; Ojanen et al., 2013).

The aeration created by the drainage stimulates the nitrification

process, increasing the emission of N2O, especially in the

minerotrophic peatlands (Aerts & Ludwig 1997; Gao et al.,

2014; Hribljan et al., 2014; Wang et al., 2017; Liimatainen

et al., 2018). Mikaloff Fletcher and Schaefer (2019) predicted

that the emission effects from drained peatlands in

2020–2100 entail 12%–41% of the remaining GHG emission

budget. Also, runoff from drained peat through the drainage

channels has known to cause degradation of water catchments

and their downstream quality (Skaggs et al., 1994; Prévost et al.,

1999; Piirainen et al., 2013; Kaila et al., 2016; Nieminen et al.,

2017a; Nieminen et al., 2017b). Peatland drainage results in

higher DOC concentrations in surface and pore water and

increases DOC export into nearby streams (Strack et al.,

2008). Marttila et al. (2018) observed high concentrations of

nutrients and suspended sediment, mainly dissolved nitrogen

and phosphorus, were found in headwater streams in catchments

containing drained peatland, which agrees with similar studies

reported by Mattsson et al. (2003) and Nieminen et al. (2017b).

In addition, the biogeochemical properties of peatland that

have been affected by drainage are organic matter decomposition

and fractions, soil respiration, soil enzymes, elemental

concentration, microbial degradation, peat humification, and

so on (Moore and Basiliko, 2006; Olde Venterink et al., 2009;

Macrae et al., 2013; Hulatt et al., 2014; Brown et al., 2015; Krüger

et al., 2015; Harris et al., 2020; Xu et al., 2021). In addition, studies

on the impact of peatland drainage on the vegetation cover have

been conducted by Ramchunder et al. (2009) and Haapalehto

FIGURE 3
Main areas of RDP (co-occurrence network of keywords).
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et al. (2011). For example, Stewart & Lance (1991) reported a

complete disappearance of Sphagnum capillifolium on 20 years of

drained raised bog. Wilson et al. (2010) studied the effect of

drainage on the plant species abundance within a Welsh blanket

peatland. They reported a less abundance of peat-forming plant

species, specifically Eriophorum angustifolium.

3.2.1.2 Cluster #2

The second cluster (red portion of Figure 3) focuses on the

impact of peatland restoration on GHG emissions, specifically

N2O, CO2, and CH4 emissions. Despite peatlands covering about

3% of the Earth’s surface, they store ~644 Gt of C and 8–15 Gt N

of the terrestrial biosphere (Turetsky et al., 2015; Leifeld and

Menichetti, 2018; Ahmad et al., 2020). Currently, drainage

accounts for ~10% of global peatlands degradation,

transforming them from a net sink to a net source of GHG

(Knox et al., 2015; Leifeld and Menichetti, 2018).

The consequences of drainage to stimulate GHG emissions

into the atmosphere facilitated the need for peatland protection

and restoration as proximate mitigation measures (Wilson et al.,

2015). Dohong et al. (2018) review the techniques for effective

tropical peatland restoration. According to Dohong et al. (2018),

hydrological restoration through peatland rewetting has

effectively reduced GHG emissions from degraded peatland.

According to Strack and Zuback (2013), rewetting of degraded

peatland reduced CO2 emission through the reduction of peat

mineralization, as well as negligible N2O emissions as a result of

lowering the availability of mineral nitrogen in saturated

conditions.

The hydrological restoration of degraded peatland involves a

process that is known as rewetting/reflooding (O‘Brien et al.,

2007). Rewetting is the process whereby deliberately introduced

ditches or gullies are blocked to reduce the surface runoff outflow

or allow water levels within the peat to return to their natural

state (Ahmad et al., 2020). The significance of peatland rewetting

is to enhance the peat’s hydrological properties by raising the

groundwater table so that the hydrological properties of the

drained peatland are recovered and stabilized as close as

possible to its pre-logging and pre-drainage hydrological

conditions (Page et al., 2009a; Panda et al., 2012).

Several studies observed that rewetting of drained peatland

stimulates CO2-C sink functions immediately (Tuittila et al.,

1999; Zeng & Gao, 2016; Cui et al., 2017). This happens because

rewetting reduces the diffusive oxygen supply in the peatland,

thereby creating an anaerobic environment, which in turn

inhibits the organic matter and the litter decomposition,

resulting in soil organic matter accumulation and the

formation of peat layer (partially decomposed organic matter)

(Herbst et al., 2011; Kim et al., 2011). However, the rewetting of

degraded peatland stimulates the CH4 gases because the resulting

anoxic conditions created by the rewetting are conducive to

methanogenesis. Vanselow-Algan et al. (2015), Hahn et al.

(2015) reported a methane emission of 148 g CH4 m−2 yr−1

and 260 g CH4 m−2 yr−1, respectively exceeding the default

IPCC emission factor for rewetted drained peatland in the

temperate region (29 g CH4 m−2 yr−1). Kandel et al. (2019)

observed an increase in CH4 emission after 12 years of

rewetting compared to the undrained site. They attributed

their findings to the decomposition of above-ground biomass

under inundated soil surface conditions.

Therefore, restoration management intended to reduce CO2

and CH4 emissions should prevent on-site above-ground

biomass deposition combined with site inundation (Kandel

et al., 2019). N2O emission reduction from rewetted peatlands

is due to the raising of the groundwater table, thereby inhibiting

nitrification and the denitrification process (Oktarita et al., 2017;

Pärn et al., 2018). However, the resulting GHG fluxes from

rewetted peatland may differ due to temperature, vegetation

cover, growing season length, microbial community

composition, biogeochemistry, previous land-use history,

prevailing biomass species, and site (Renou-Wilson et al.,

2014; Wrage-Mönnig et al., 2018).

3.2.1.3 Cluster #3

Cluster 3 (blue) is associated with peatland restoration and

biogeochemical properties, specifically DOC. The keywords that

are found in cluster 3 are phosphorus, nitrogen, carbon, water

quality, water table, decomposition, dissolved organic carbon,

and drain blocking. Degraded peatland is known to have high

nutrient content because the lower water tables of the drained

peatland expose deeper peat to oxic conditions, resulting in the

high decomposition of the organic matter/peat layers and

nutrient mineralization in the peat matrix. The drained

peatlands contribute to the loss of carbon through the aquatic

fluxes of carbon (e.g., DOC) into downstream water bodies, as

reported in Limpens et al. (2008).

Restoration of the degraded peatland will result in the

inhibitory effects of low nutrient concentration and DOC

transport. Hence, making RDP research target DOC due to its

consequences (D’Andrilli et al., 2010; Tfaily et al., 2013). DOC

transport from degraded peatland to nearby catchment causes

organic and inorganic micropollutants, and enhances bacterial

regrowth within water distribution systems (Holden, 2005;

Gough et al., 2016). Haapalehto et al. (2014) reported long-

term decreases in DOC and nutrient leaching but temporary

increases in N and P for the first 5 years of degraded peatland

restoration. In addition, major nutrient such as phosphorus and

nitrogen content has been extensively studied in a restored

peatland (Moore et al., 2005; Nieminen et al., 2017a; Munir

et al., 2017; Salmon et al., 2021).

3.2.1.4 Cluster #4

Cluster 4, represented in green, is related to peatland

restoration and species richness, having keywords such as

biodiversity, conservations, sphagnum, vegetation, plant, and so

on. Since co-occurrence keywords are essential in reflecting and
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defining research contents, cluster 4, as seen in Figure 3, revealed

degraded peatland restoration on the vegetation development.

Peatland vegetation supports numerous invertebrates, birds, and

bryophytes (Warner and Asada, 2006). Therefore, vegetation

development on drained peatland has been an indicator to

measure the success of peatland restoration (Richert et al.,

2000; Tuittila et al., 2000; Van Dijk et al., 2007) because the

vegetation response plays a significant role in the carbon and GHG

budget of a peatland (Peacock et al., 2013). The vegetation

development on restored sites depends on the water table, plant

propagules, temperature, and the nutrient status of the site

(Campbell and Rochefort, 2003; Strack et al., 2014).

Blocking drained ditches in drained peatland is frequently

used to increase the water table (WT) to enhance the

establishment of peat-forming plant species. Some peat-

forming plant species that have been reported to have re-

established after restoring degraded peatland are Eriophorum

vaginatum, Sphagnum cuspidatum, and Sphagnum auriculatum,

Calluna vulgaris, Vaccinium myrtillus, Erica tetralix, and

Empetrum nigrum (Komulainen et al., 1998; Lavoie et al.,

2005b). Peacock et al. (2013) reported that ditch blocking

increased plant species richness in restored peatland;

whereas Eriophorum vaginatum and Eriophorum cuspidatum

were the primary colonizing species, with additional

colonization by Eriophorum angustifolium, algae, and other

sphagnum species.

Table 2 shows the top 25 most active keywords in the RDP

research domain based on the numerical statistics of the

variations in the node sizes and total link strength (co-

occurrence connection or links) of the keywords. Out of

2,578 all keywords, the top five (5) most active keywords used

in the RDP research domain are restoration, vegetation, peatland,

drainage, and dynamics. Furthermore, co-occurrence keywords

analysis was performed using cite space to investigate the topics

receiving significant attention in the RDP research domain

(Figure 4).

Figure 4 shows the burst time of most co-occurring keywords

or research hotspots in the RDP research domain with the

strongest citation bursts analysis using CiteSpace from 1991 to

2021. Citation burst illustrates evidence of which keywords have

frequently been cited within the literature of a research theme/

area, specifically growing topics or topics associated with surges

in citations (Chen et al., 2014). Using the WOS dataset,

68 keywords had citation bursts, as seen in Figure 4,

illustrating the top 25 keywords with the strongest citation

bursts. The blue lines in the figure denote the time interval,

whereas the red lines represent the time interval during which a

subject was found to have a burst, indicating a citation burst

event. The citation burst ranges from 5.42 to 2.33. The top five

keywords having the strongest citation burst were diversity

(burst strength, 5.42; 2014–2016), peatland (burst strength,

3.79; 2013–2016), land use (burst strength, 3.63; 2015–2016),

water (burst strength, 3.27; 2006–2012), and drain blocking

(burst strength, 3.22; 2014–2018). Furthermore, soil

respiration (burst strength, 2.93; 2019–2021) is the most

current burst, representing the emerging trend within the

RDP research domain.

3.2.2 Research outlet: Outlets direct citation
analysis

Figure 5 displays the network of the landmark research

outlets in the RDP, consisting of 190 links and a total link

strength of 3,264. Three clusters were formed, with different

colors (i.e., red, green, and yellow) assigned to differentiate

between journal clusters. Cluster 1 (blue) entails research

outlets publishing articles focusing on the hydrology of

peatland in RDP research. The research outlets found in

cluster 1 are Science of the Total Environment, Hydrological

Processes, Journal of Hydrology andWater Resources Research

and so on. Cluster 2 (green) comprises research outlets

Restoration Ecology, Biological Conversation, Applied

Vegetation Science, Ecology and Evolution, and so on,

which focus on vegetation and ecology RDP research.

Cluster 3 (red) is composed of Mires and Peat, Wetlands

TABLE 2 Top 25 most active keywords in the restoration of degraded
peatland research.

Keyword Occurrences Total link strength

Restoration 179 175

Vegetation 108 107

Peatlands 69 68

Drainage 64 63

Dynamics 49 49

Nitrogen 49 48

Water 49 49

Carbon 46 46

Bog 44 43

Sphagnum 44 44

Management 40 39

Diversity 39 39

Biodiversity 36 36

Fluxes 35 35

Rewetting 35 35

Wetlands 35 33

Hydrology 33 33

Phosphorus 33 32

Conservation 32 32

Impact 32 32

Wetland 32 32

Methane 31 31

Soil 31 31

Decomposition 29 29

Fen 29 29
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Ecology and Management, Ecosystem, Ecological Engineering,

Biogeoscience, and so on.

The top 20 research outlets with their quantitative

measurement are presented in Table 3, with Mires and Peat

recording the highest number of articles (40) in the RDP research

domain. Mires and Peat is a peer-reviewed internet journal that

publishes articles on mires, peatlands and peat-related research.

It is published jointly by the International Peatland Society (IPS)

and the International Mire Conservation Group (IMCG) (http://

mires-and-peat.net/).

3.2.3 Document citation networks in RDP
research

The resultant network of the document citation network

analysis of RDP research comprises 101 links and 187.50 total

links as displayed in Figure 6. From Figure 6, the top three cited

articles include Leifeld and Menichetti (2018) “The

underappreciated potential of peatlands in global climate

change mitigation strategies.” This article reveals that

restoration of drained peatland drastically reduces the current

annual GHG emission, which is 3.4 times less nitrogen costly,

involving a much smaller land area demand than improving

mineral soil carbon sequestration for mitigation of GHG

emissions peat coverage areas. A review article titled

“Hydrological processes in abandoned and restored peatlands:

An overview of management approaches” which was written by

Price et al. (2003), obtained a citation of 183, making them the

second most cited article in the RDP research domain. Price et al.

(2003) revealed that hydrological management increases

hydrological functions, such as hydraulic conductivity, water

retention capacity, vegetation development, and the specific

yield of abandoned land peatland. Finally, the third most cited

FIGURE 4
Top 25 keywords with the strongest citation bursts in the RDP (1991–2021).

Frontiers in Environmental Science frontiersin.org12

Apori et al. 10.3389/fenvs.2022.942788

229

http://mires-and-peat.net/
http://mires-and-peat.net/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.942788


article was “Greenhouse gas balances of managed peatlands in

the Nordic countries: Present knowledge and gaps” which was

conducted by Maljanen et al. (2010). Another observation

made from Table 4 suggests that the top three influential

documents based on the citation index in the RDP research

domain were literature review articles. A different trend was

observed when evaluating the links among the top 13 articles.

It was found that 22, 60, 80 and 60 of the 522 articles have cited

Price et al. (2003), Maljanen et al. (2010)Leified et al. (2012),

Knox et al. (2015), respectively. By analyzing the impact of

rewetting on drained peatland, Komulainen et al. (1999)

found that 2 years of rewetting stimulated carbon

sequestration such that rewetted minerotrophic fen

obtained CO2-C balance ranged from 162 to 283 g m−2,

with dense E. vaginatum vegetation and a high-water table,

while rewetted bog had CO2-C balance varied from 54 to

101 g m−2 having a high-water table and mire vegetation.

Wuni et al. (2019) emphasized that the influence of articles

can be assessed by their total citations, normalized citations,

and links with other articles. Therefore, using the total citation

approach, Table 4 summarizes the top 13 most influential

research articles, with key findings, links, and citations.

3.3 Co-authorship and active countries in
the RDP research

3.3.1 Co-authorship analysis
Scientific collaboration between researchers and institutions

enhances knowledge exchange, innovation, and joint funding

application (Hosseini et al., 2018). Only two clusters of

productive and collaborative researchers were revealed,

consisting of 105 links and a total link of 2,136, as illustrated

in Supplementary Figure S1. Researchers such as Baird, Andy J.,

Peacock, Mike, Green, Sophie M., and Evans, Chris D. are found

in cluster one (red). Cluster two (red) includes researchers such

as Holden, Joseph and Evans, Martin G. Researchers such as

Evans, Martin G and Holden, Joseph tend to collaborate more

often in the RDP research (Evans et al., 1999; Holden et al., 2006).

Supplementary Figure S1 suggests that Holden, Joseph; Kotiaho,

Janne S., Vasander, Harri and Tahvanainen, Teemu are the top

collaboratives researchers within the RDP research discourse.

Using the citation index to measure the productivity of the top

collaborative co-authors, Vasander, Harri and Holden, Joseph

emerge as the top-cited authors within the RDP research domain,

as seen in Supplementary Table S1.

FIGURE 5
Network of the landmark research outlets in the RDP.
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TABLE 3 Research outlets in the restoration of degraded peatland research.

Research outlet No. of articles Average citation Total citations Total link strength

Mires and peat 40 8 311 929

Science of the total environment 35 20 683 811

Ecological engineering 30 15 444 646

Restoration ecology 24 14 346 490

Wetlands ecology and management 21 25 517 415

Wetlands 15 16 234 264

Applied vegetation science 14 22 309 215

Hydrological processes 13 13 172 324

Journal of hydrology 13 42 541 391

Biogeosciences 12 38 455 393

Biological conservation 9 12 111 194

Journal of applied ecology 9 37 336 178

Forest ecology and management 8 16 124 152

Journal of environmental management 8 16 129 202

Journal of geophysical research-biogeosciences 7 15 107 247

Water resources research 7 16 110 190

Ecosystems 6 52 314 182

Hydrobiologia 6 42 250 104

Ecology and evolution 5 19 93 109

Soil use and management 5 18 90 92

FIGURE 6
Density map of document citation network analysis.
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TABLE 4 Highly cited document in the restoration of degraded peatland research domain.

Article Title Citations Total
links

Research
outlets

Type of
articles

Key findings

Leifeld and
Menichetti
(2018)

The underappreciated potential of
peatlands in global climate change
mitigation strategies

226 22 Nature
communication

Review Restoration of drained peatland
drastically reduces the current annual
greenhouse gas emission, which is
3.4 times less nitrogen costly than
improving mineral soil carbon
sequestration for mitigation of
greenhouse gas emission in peat coverage
areas.

Price et al.
(2003)

Hydrological processes in abandoned and
restored peatlands: An overview of
management approaches

183 60 Wetlands Ecology
and Management

Review The authors discovered that hydrological
management options (e.g., blocking
ditches, constructing bunds,
reconfiguring the surface, and managing
microclimate) increase the hydrological
functions of abandoned land peatland.

Maljanen et al.
(2010)

Greenhouse gas balances of managed
peatlands in the Nordic
countries—present knowledge and gaps

183 80 Biogeosciences Review Annual mean GHG balances (CH4, N2O
and CO2 emissions) from agriculture
managed peatland in the Nordic
countries were 2,280 and 3,140 g CO2 eq.
m−2 for areas drained for grass swards,
cereals or those left fallow, respectively.
The mean net GHG missions in
abandoned and afforested agricultural
peatlands recorded 1,580 and 500 g CO2

eq.m−2, respectively.

Knox et al.
(2015)

Agricultural peatland restoration: effects
of land-use change on greenhouse gas
(CO2 and CH4) fluxes in the Sacramento-
San Joaquin Delta

178 60 Global Change
Biology

Research
article

The conventional drained agricultural
peatland used for pasture and corn
production released 341 g C m2 yr1 as
CO2 and 11.4 g C m2 yr1 as CH4, while
flooded land-use types (a rice paddy and
two restored wetlands) store up to
397 g C m2 yr1 but obtained a higher
methane emission ranging from 39 to
53 g C m2 yr1, suggesting that rewetting
of drained agriculture pet soils reduce soil
subsidence and GHG emissions.

Martikainen
(1995)

Change in fluxes of carbon dioxide,
methane and nitrous oxide due to forest
drainage of mire sites of different trophy

160 11 Plant and Soil Research
article

Drainage negatively affects the annual
CO2 and N2O emissions but decreases the
emissions of CH4 in a drained peatland.

Couwenberg
et al. (2011)

Assessing greenhouse gas emissions from
peatlands using vegetation as a proxy

158 70 Hydrobiologia Research
article

A water-level class, trophic state (C: N
ratio), base richness (pH) and vegetation
type were used as ‘vegetation forms’ as a
comprehensive proxy for estimating
baseline and project scenario greenhouse
emissions from degraded peatland and
thus emission reductions from rewetting.

Page (2009) Restoration Ecology of Lowland Tropical
Peatlands in Southeast Asia: Current
Knowledge and Future Research Direction

157 23 Ecosystems Review The review reported that fire, exacerbated
by drainage, is the principal driver of
land-use change. In contrast, repeated
and high-intensity fires lead to
retrogressive succession towards non-
forest communities in Kalimantan,
Indonesia. Furthermore, the hydrological
restoration through rewetting the drained
peatland was identified as the key
vegetation restoration and protecting the
remaining peat carbon stocks.

Wosten (2008) Peat–water interrelationships in a tropical
peatland ecosystem in Southeast Asia

146 4 Catena Research
article

The hydropedological modelling
approach was used to generate
groundwater level prediction maps to
study the peat-water interrelationships in
a degraded tropical peatland. The model
identified areas with good restoration

(Continued on following page)
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3.3.2 Active countries in the RDP research
Supplementary Figure S2 illustrates the most active countries in

the RDP research discourse, with larger nodes indicating a high

number of publications. Cluster one (blue) involves the countries of

the United Kingdom, especially England, Scotland, and Wales, with

England possessing the higher nodes. Cluster two (green) consists of

Germany, Netherland, Poland, and Sweden, with Germany

obtaining the higher nodes. The higher node obtained by

Germany is not surprising because they have degraded more

than 85% of its original peatlands, and hence restoration research

options are now implemented to restore the degraded peatland to its

original state. Cluster three (red) consists of five countries, with the

highest nodes obtained by Finland. Based on this analysis, it can be

revealed that about 26% (51 out of 195) of all countries are involved

TABLE 4 (Continued) Highly cited document in the restoration of degraded peatland research domain.

Article Title Citations Total
links

Research
outlets

Type of
articles

Key findings

potential based on predicted flooding
depth and duration. The model predicted
groundwater levels should be maintained
between 40 cm below and 100 cm above
the peat surface to prevent subsidence
and fire during rewetting.

Price (1996) Soil moisture, water tension, and water
table relationships in a managed
cutover bog

142 16 Journal of
Hydrology

Research
Article

The study compared the hydrological
indicators between a natural bog, drained
and harvested bog, and drained harvested
bog with ditches blocked. Ditches block
with mulching obtained high water table
recessions similar to the natural site.
However, the soil moisture obtained at
the block site did not differ from the drain
site. The site with ditches blocked
observed higher greater water tension
than the drained bog site.

Vasander et al.
(2003)

Status and restoration of peatlands in
northern Europe

137 41 Wetlands Ecology
and Management

Review Rewetting and ditch or drainage blocking
were identified as restoration techniques
developed for degraded peatland
management in Estonia, Sweden, and
Finland, specifically for nutrient-rich
peatland.

Komulainen
et al. (1999)

Restoration of drained peatlands in
southern Finland: initial effects on
vegetation change and CO2 balance

121 47 Journal of Applied
Ecology

Research
article

Two years of rewetting stimulate carbon
sequestration such that rewetted
minerotrophic fen obtained CO2-C
balance ranging from 162 to 283 g m−2,
with dense E. vaginatum vegetation and a
high-water table while rewetted bog had
CO2-C balance varied from 54 to
101 g m−2 having a high-water table and
mire vegetation.

Jauhiainen et al.
(2008)

Carbon dioxide and methane fluxes in
drained tropical peat before and after
hydrological restoration

121 47 Ecology Research
article

After restoration, the drained tropical
peat forest showed higher annual
minimum soil water table levels.
However, the improvement of the peat
hydrology did not instantly reduce CO2

flux rates in forest sites. As a result, the
cumulative CO2 emissions of the tropical
peat did not reflect the notable changes in
the hydrological conditions before and
after restoration. In addition, the
methane emission from the rewetted peat
did not differ from the drained peat.

Holden et al.
(2001)

Water table dynamics in undisturbed
drained and restored blanket peat

106 48 Journal of
Hydrology

Research
article

Water tables in undisturbed drained and
restored blanket peats are more variable
in order (drained > restored > intact)
such that the mean water table depths
over 18 months studied period
were −5.8 cm at the intact site, −8.9 cm at
the restored site and −11.5 cm at the
drained sites.
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in RDP research. Supplementary Figure S2 reveals that RDP is

conducted in countries with extensive peatland coverage. Regarding

the strength of links, the strongest links were between the following

pairs: England-Wales; England-Scotland; England-Finland;

Germany-USA; and Canada-USA.

Table 5 shows the top 12 influential countries based on the

number of articles, with England (96) obtaining the higher

number of articles. The top three countries are England (96),

Germany (88), and Finland (68). However, an inconsistent

pattern is observed when ranking based on citations. Under

this, Finland (2053), England (2005), and Germany (1,498) are

the top influential countries in the RDP research domain. A

slightly different ranking pattern is observed when using the

average citation index, such that Sweden (37), Finland (30) and

Canada (28) are the influential countries in the research domain.

4 Conclusion

This study reconnoiters the status and the global trends of

RDP research using scientometric analysis. RDP research has

tremendously increased in the last decade, resulting in numerous

literature reviews being published. Nevertheless, this current

study presents the first scientometric review of RDP research

using 522 documents (research articles and literature review)

retrieved from WOS database. The structure of the body of

knowledge in RDP research was evaluated using the research

outlet, keywords co-occurrence analysis, and document citation

analysis. Specifically, the scientometric analysis of the RDP

dataset discovered the following conclusions:

• Annual exponential growth in the number of publications

in RDP research was observed.

• Four research themes were identified with the co-

occurrence of keywords analysis, namely: (i) impact of

drainage on peatland ecosystem services; (ii) impact of

peatland restoration on GHG emissions; (iii) peatland

restoration and biogeochemical properties; and (iv)

peatland restoration and plant species richness.

• The top three keywords in RDP research having the strongest

citation burst were diversity (burst strength, 5.42; 2014–2016),

peatland (burst strength, 3.79; 2010–2013), and land use

(burst strength, 3.27; 2014–2018).

• Themost contributing research outlets of RDP research are

Mires and Peat and the Science of the Total Environment.

• England and Germany are the most active countries in

RDP research.

• It was found that 22, 60, 80, and 60 of the 522 articles have

cited Price et al. (2003), Maljanen et al. (2010), Leified et al.

(2012), Knox et al. (2015), respectively.

The current scientometric analysis is limited to certain

keywords, TS (topic) = (‘drained peatland restoration’ OR

‘drained bog restoration’ OR ‘drained mire restoration’ OR

degraded peatland restoration’ OR ‘degraded bog restoration’

OR ‘drained peatland reclamation’ OR ‘drained bog

restoration’ OR ‘degraded peatland reclamation’ OR

‘degraded bog reclamation’ OR ‘drained mire restoration’

OR ‘degraded mire reclamation’ OR ‘degraded fen

restoration’ OR ‘drained fen reclamation’) and the selected

documents were limited to review and research articles only.

In addition, only one database (WOS) was used for the

extraction of the dataset, which may suffer from the

intrinsic limitations of WOS’s coverage of publications.

Due to these, this study might not fully capture the whole

available literature on RDP. However, scientometric analysis

of RDP research provides instinctive graphics for a research

hotspot in RDP, and valuable information based on a

comprehensive analysis of the research theme and future

trends (Liu et al., 2019).

TABLE 5 Active countries in the restoration of degraded peatland research.

Country Documents Citations Av. Citation Total link strength

Sweden 18 667 37 886

Finland 68 2053 30 1,837

Canada 46 1270 28 1875

Netherlands 47 1121 24 1,430

England 96 2005 21 3,976

United States of America 43 794 18 1,717

Wales 24 412 17 1,262

Germany 88 1498 17 3,179

Indonesia 40 675 17 1,629

Poland 34 465 14 1,480

Scotland 37 426 12 1,602

China 24 197 8 561
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