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Abstract 

Salt accumulation gradually changes the cycling of carbon (C), nitrogen (N), and 

phosphorus (P), and may even transform sinks into sources in arid wetlands. However, it’s 

not clear how hydrochemical characteristics affect the wetland’s source or sink function, or 

how they affect C, N, and P cycling in arid regions. To clarify these relationships, we 

conducted field measurement in arid northern China. We simulated the variations of 

hydrochemical characteristics and the storage and stoichiometry of C, N, and P using the 

process-based DNDC and Hydrus-1D models. The meteorological and hydrological 

processes had obvious characteristics of seasonal and interannual changes. The measured 

evapotranspiration averaged 660.23 and 587.94 mm yr-1 in the saltmarsh and riparian 

wetlands, respectively. The soil showed a clear trend with a  higher of SO4
2−, Na+, Ca2+, and 

Cl- fractions  in comparison with a lower of Mg2+, K+, and HCO3
– fractions, with the major 

ion and nutrient concentrations gradually decreasing with increasing depth in the soil. The 

major ion types had characteristics of Na+-Ca2+-SO4
2−-Cl- in the saltmarsh wetland and 

riparian wetland. The storage of total C, N, and P were 372.72±66.52 t C/hm2,10.92±2.59 t 

N/hm2, and 17.55±1.54 t P/hm2in the saltmarsh wetland, versus 119.72±27.88 t C/hm2, 

4.38±1.24 t N/hm2, and 13.17±1.46 t P/hm2 in the riparian wetland. Therefore, wetland 

salinization in our study led to increased soil C, N, and P contents and storage, and thereby 

enhanced the sink function of the wetlands. 

Keywords: hydrochemical characteristics; ion concentrations; nutrient concentrations; carbon; 

nitrogen; phosphorus. 
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1. Introduction 

Wetlands are important organic carbon reservoirs in arid regions, where they play an 

important role in maintaining CO2 sinks, CH4 sources, and ecological balances (Li et al., 

2005; Castañeda and Herrero, 2008). Over the past century, changes in the hydrological 

regime and salt concentration of wetlands caused by global climate change and human 

activities have led to significant degradation and salinization of arid wetlands (Nielsen et al., 

2003,Li et al. 2006; Jolly et al., 2008; Huckelbridge et al., 2010; Li and Zhao, 2010; Gran et 

al., 2011), and these changes seriously threaten the stability of oases and the health of 

wetland ecosystems. Simultaneously, salt accumulation changes soil physical and chemical 

properties. The stress created by salt ions can decrease plant primary productivity and organic 

matter accumulation, thereby changing microbial mineralization of organic matter and the 

cycling of key nutrient elements such as carbon (C), nitrogen (N) and phosphorus (P) 

(Neubauer, 2013). These changes, in turn, affect the storage and emission of C and N, and 

may even cause the transformation of sinks into sources (or vice versa) in arid wetlands 

(Chambers et al., 2013; Neubauer, 2013). Therefore, we begin to suspect whether saline 

wetlands can continue to maintain their function as a C sink under the pressures created by 

these changes. In addition, the alternation between periodic exposure and submergence of 

groundwater in transient wetlands creates active migration and transformation of C, N, and P 

in arid wetlands. As a result, the accumulation of C, N, and P vary greatly both spatially and 

temporally and have a unique distribution in arid wetlands (Cheng et al., 2010; Zhang et al., 

2013). However, the mechanisms for how the hydrochemical characteristics affect the 

balance, source/sink function, and cycles of C, N, and P in arid regions are not yet clearly 

understood (Winter, 2000; Johnson et al., 2005; Couto et al., 2013; Drexler et al., 2013; 

Morrissey et al., 2014; Weston et al., 2014; Finger et al., 2016; Zou et al., 2018; Wang et al., 

2019). 

Wetlands can change between being a source and being a sink, and the hydrological 

conditions and chemical characteristics affect the source/sink status through changes in soil C, 

N, and P storage and migration processes (Tavakkoli et al., 2011; Feng et al., 2014). These 

changes can lead to high spatial and temporal heterogeneity in the distribution of 

biogeochemical processes in arid wetlands (Couto et al., 2013; Drexler et al., 2013; Weston et 

al., 2014). In arid wetlands, precipitation is rare, so the effluence of shallow groundwater, 
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agricultural irrigation, and river water are the main water sources (Liu et al., 2014, 2017). 

Seasonal and interannual variability in precipitation and groundwater depth affects the 

freshwater (river) discharge into wetlands and influences the transport of watershed-derived 

nutrients and sediments (Pont et al., 2002; Neubauer, 2013). This alters solute transport, 

hydrochemical characteristics, and organic matter accumulation and decomposition processes, 

so that soil C and N stocks often decrease from drawdown of the water table depth caused by 

increased frequency and intensity of climate extremes and increasing human activities in and 

around wetlands (Weston et al., 2010; van Dijk et al., 2015).  

Simultaneously, soil moisture influences C sequestration and release, decomposition of 

litter and soil organic matter, and root turnover and respiration by changing the litter 

properties, soil redox conditions, and microbial activity (Lamers et al., 2013; Van Diggelen et 

al., 2015). Therefore, changes in the water conditions can have positive and negative effects 

on soil C mineralization and C sequestration or emission in wetlands, leading to high 

uncertainty about the effects on soil C stocks. In addition, soil salinization increases ionic 

concentrations that regulate soil permeability, temperature, redox potential, and microbial 

activity in arid wetlands (Sperling et al., 2014; Sutter et al., 2014). This can influence the 

conversion and accumulation processes for soil C, N, and P (Chambers et al., 2011; van Dijk 

et al., 2015; Weston et al., 2014; Vizza et al., 2017), including nitrification (Noe et al., 2013), 

denitrification (Marks et al., 2016), and P availability, and promote the transformation of the 

ecosystem into a C source or sink (Tong et al., 2010; Xu et al., 2014). Although researchers 

have made considerable progress in understanding soil C and N cycles in natural wetlands 

around the world (Page and Dalal, 2011; Juszczak and Augustin, 2013; Song et al., 2009; 

Tong et al., 2013), there have been few studies of soil C, N, and P storage and migration in 

arid wetlands. Nonetheless, the hydrochemical characteristics of arid wetlands determine the 

transport and cycling of C, N, and P, so it’s necessary to study the effects of the hydrological 

conditions and chemical characteristics on these cycles to provide a scientific basis and 

theoretical reference for reducing CO2 and CH4 emission in arid wetlands. 
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Saline wetlands in arid regions are a highly sensitive part of the global carbon cycle (Wang 

et al., 2019). Increasing carbon sequestration by wetland soils appears to be an immediately 

viable option to increase the global soil carbon pool, thereby reducing levels of atmospheric 

CO2 and mitigating global warming (Sun et al., 2013). Restoration of these carbon stocks 

requires an improved ability to predict how hydrological feedbacks affect ecological 

processes. Thus, researchers are increasingly simulating the changes of soil C, N, and P over 

broad spatial and temporal scales by using process-based models (Giltrap et al., 2010; Xu et 

al., 2014). For example, the DNDC (DeNitrification-DeComposition) model has been widely 

applied to simulate the biogeochemical cycles of C and N by simulating the main processes 

of denitrification and decomposition that occur in agricultural systems (Li et al., 1992, 2012; 

Giltrap et al., 2010; Deng et al., 2011). DNDC contains six interacting sub-models: soil, 

climate, crop vegetation, decomposition, denitrification, and nitrification (Li et al., 2017a). 

The original version of DNDC has been modified to derive various site-specific and regional 

versions by adjusting the model’s parameters and equations to more accurately simulate 

overall C and N biogeochemical cycles. For example, it has been used to scale up estimates 

of soil organic matter generation, decomposition, and transformation from the plot level to a 

regional scale (Li et al., 2017b), and to predict the contents of soil organic carbon 

components and greenhouse gases such as CO2, N2O, CH4, and NO (Deng et al., 2011; Cui 

and Wang, 2019). This method has been validated internationally through long-term 

applications at a plot scale, with studies in grassland, wetland, woodland, and other terrestrial 

ecosystems in North America, Europe, and Asia (Pathak et al., 2005; Li et al., 2015a, b). It is 

now one of the most widely accepted biogeochemical models in the world (Tang et al., 2006; 

Li et al., 2017a, b). However, there have been no simulations of the transport and cycling of 

C, N, and P using process-based models for China’s arid wetlands. 

To improve our understanding of these cycles in arid wetlands, we conducted field 

measurements of two types of wetland in arid northern China. Based on this data, we used 

DNDC and the Hydrus-1D model to simulate seasonal and interannual variations of 
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hydrochemical processes in these ecosystems, and their effects on C, N, and P cycling. Our 

specific objectives were (1) to calibrate the model parameters using field measurements of 

the hydrochemical parameters; (2) to simulate seasonal and interannual variations of major 

ion and nutrient concentrations; (3) to evaluate how these hydrochemical characteristics 

affect C, N, and P cycling; and (4) to ascertain how the hydrochemical characteristics affect 

nutrient balances, source/sink functions, and cycles of C, N and P. We present the results of 

these measurements and model simulations to illustrate how hydrochemical characteristics 

influence the storage of total C, N, and P in arid wetlands. 

2. Methodology 

2.1. Model Development 

2.1.1. Water transport 

One-dimensional water movement in homogeneous, rigid porous media with variable 

saturation is described by the Richards equation (Šimůneket al., 2013): 

 

[ ( )( 1)] ( , )
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K h s z t
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where θ is the volumetric water content (cm3cm-3), t is time, z is the vertical coordinate 

(positive values are downward from the soil surface), h is the hydraulic (pressure) head (cm), 

K(h) is the hydraulic conductivity (cmd-1) as a function of the hydraulic head, and s is the root 

water uptake rate (cm3 cm
−3 d

−1), which follows the Feddes et al. (1978) function.  

van Genuchten (1980) used the statistical pore-size distribution to obtain a predictive 

equation for the unsaturated hydraulic conductivity function in terms of soil water retention 

parameters: 
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where θr and θs are the residual and saturated water contents, respectively, which can be 

determined from experimental data; Ks is the saturated hydraulic conductivity; α is the inverse 

of the air-entry value (or bubbling pressure), n is a pore-size distribution index, m = 1–(1/n); 

and Se is the effective saturation. The parameters α, n, and l are empirical coefficients that 

affect the shape of the hydraulic functions. 

2.1.2 Solute transport 

We used the following partial differential equation to describe the one-dimensional, 

convective–dispersive mass transport under transient water flow conditions in a partially 

saturated porous medium: 

( )
c qc
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where c is the major ion concentrations for dominant hydrochemicals (SO4
2−, Cl−, HCO3

-, 

Ca2+, Mg2+, K+, Na+) (ML−3). D is the effective dispersion coefficient (L2 T−1), and q is the 

volumetric flux density given by Darcy’s law (L3 L−2 T−1). D is calculated using the 

following equation: 

D aLq (6) 

where L represents the longitudinal dispersivity (L). Eq. (6) assumes that molecular diffusion 

is insignificant relative to dispersion. 

2.2. Boundary conditions 

We used depth to groundwater measurements to describe the bottom boundary of the soil 

profile, and assumed free drainage at the bottom boundary. There was no noticeable surface 
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runoff during the study period, and the top boundary conditions were defined by 

evapotranspiration and precipitation. We assumed that there was no heat storage, and 

integrated the energy balance for the boundary conditions for the heat and water transport 

equations. Under these conditions, the energy exchange in the infinitesimal air layer just 

above the soil surface can be expressed by the following surface energy balance equation 

(Saito et al., 2006): 

Rn – G – H –λET = 0 (7) 

where Rn is the net radiation flux (W·m–2), G is the soil heat flux (W·m–2), λ is the latent heat 

of evaporation (2.45 MJ·kg–1), and ET represents evapotranspiration (mm). The Bowen ratio 

(β = γ△T / △ea), where ΔT represents the temperature (°C–1) difference, and Δea represents 

the corresponding vapor-pressure difference between 1 and 2 m above the crop canopy, can 

be expressed as the ratio of the sensible heat flux (Rn–G) to the latent heat flux (H/λET), and 

the actual evapotranspiration can be calculated as follows: 
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where γ is the psychrometric constant (kPa·°C–1). 

2.3. Model integration and solution 

The Hydrus-1D model numerically solves the Richards equation to simulate water and 

solute transport in one-dimensional unsaturated, partially saturated, or fully saturated porous 

media (Šimůnek et al., 2013). Simultaneously, the DNDC model can simulate 

biogeochemical cycles for C, N, and P at a point scale and at a regional scale (Yu et al., 2018; 

Zou et al., 2018;Cui and Wang, 2019). This can solve a drawback of the Hydrus program, 

which cannot easily simulate C, N, and P cycles. We used version 9.5 of DNDC 

(http://www.dndc.sr.unh.edu/) in this study, which is referred to as the original DNDC model. 

We fully coupled the models by replacing some modules in the Hydrus-1D mode with the 

DNDC model to simulate the dynamic processes for soil organic matter (SOM), total nitrogen 
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(TN), total carbon (TC), total phosphorus (TP), available nitrogen (AN), available 

phosphorus (AP), and available potassium (AK) and to solve the numerical model that 

coupled the water, solute, and nutrient transport mechanisms. This allowed the Hydrus-1D 

model to simulate groundwater, ET, and the transport of the major ions (SO4
2−, Cl−, HCO3

-, 

Ca2+, Mg2+, K+, Na+). In this study, the water holding function was introduced to extract the 

hydraulic characteristics of soil, and the function was coupled to the soil hydrological model 

(Hydrus-1D) and Denitrification-Decomposition model (DNDC model). In addition, the 

coupling model replaced the soil hydrology module in the DNDC model with the Hydrus-1D 

model to describe the soil water flux more accurately. Water transport of structured porous 

media in the DNDC model were described using the dual-porosity functions and soil 

hydraulic properties in Hydrus-1D model. 

The Hydrus-1D model simulated water flow equations 1 to 4 and solute concentration 

equations 5 and 6. We calibrated the Hydrus-1D model based on the volumetric soil water 

content (θ) and the soilsalinity, which we measured in the soil profiles in the saltmarsh 

wetland and riparian marsh. The simulation period was from 2014 to 2017. Two key soil 

hydraulic properties, the residual and saturated water contents (θr and θs), were measured in 

the laboratory from soil samples that were extracted from the field plots. The saturated 

hydraulic conductivity (Ks) was evaluated in the field using the method described in section 

3.2.1. The parameters α, n, and l were optimized using the Levenberg–Marquardt method that 

was incorporated in the HYDRUS-1D code. The hydraulic parameters were measured in the 

field for both wetlands (Table 1). 

[Table 1. near here] 

The DNDC model simulated the dynamic processes in soil nutrient cycles based on the 

Langmuir equation. First, we input the parameters required by the DNDC model, which 

included daily climate data, soil parameters (density, texture, bulk density, porosity, humidity, 

temperature, pH, electrical conductivity, and concentrations of SOM, TN, TC, TP, AN, AP, 

and AK), and hydrological parameters (the depth to groundwater). We then compared the 

file:///E:/Program%20Files/Youdao/Dict/7.5.2.0/resultui/dict/
file:///E:/Program%20Files/Youdao/Dict/7.5.2.0/resultui/dict/
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simulation results with the data measured in the field, and calculated the accuracy of the 

simulation values using the error terms defined in section 3.3. We adjusted the parameters to 

improve the model’s fit, and defined the parameters after this calibration as the model 

parameters. 

3. Study sites and data collection 

3.1. Study area 

The study area (Fig. 1) is located in the national nature reserve in the Heihe River wetland, 

which is in the middle reaches of northwestern China’s Heihe River basin (39°22'N–39°23'N, 

100°07'E–100°08'E).The region is dominated by a continental arid temperate climate. The 

annual temperature averages 8.0°C, and the mean monthly temperature ranges from –15.5°C 

in January to 29.1°C in July. The mean annual frost-free period averages 153 days. The 

annual precipitation averages 125.3 mm, with about 65% of the total precipitation occurring 

with low intensity between July and September. Only 3% of the rain occurs during the 

winter. Potential ET averages 2047 mm. The soil is typically characterized as a gray desert 

soil or a desert soil. The wetlands are seasonal and temporary, and are mainly distributed in 

the Heihe River’s riparian zone, in oases, in the spring overflow zone along the river bank, 

and in inland lakes and other seasonal or perennial bodies of water.  

[Fig. 1. near here] 

In the study area, riparian wetland and saltmarsh wetland are the main typical wetland 

types. We focused on a riparian wetland along the river and a saltmarsh wetland in the oasis 

zone, where there are no surface water inflows or outflows. Instead, these wetlands are 

supported by subsurface flows from the river, shallow groundwater, and leakage from 

farmland irrigation. The saltmarsh wetland is primarily wet meadows dominated by shrubs 

(Tamarix chinensis) and halophytic herbs (Phragmites australis, Agropyron cristatum, 

Oxytropis glabra, Equisetum ramosissimum, Typha orientalis, Carex tangiana). In the 

riparian zone, vegetation is distributed on or near the banks of the Heihe River and is 
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dominated by trees (Populus alba, Elaeagnus angustifolia, Salix babylonica), shrubs (T. 

chinensis), and herbs (Carex karoi, Juncus articulatus, P. australis, Leymus secalinus, 

Sophora alopecuroides).  

3.2 Measurements  

3.2.1 Soil moisture, salinity, and groundwater measurements 

The experiments were conducted in the two wetlands from 2014 to 2017. We measured the 

volumetric soil water content and the electrical conductivity (EC, dSm-1) using ECH2O-10 

dielectric probes (Decagon Devices, Pullman, WA, USA) buried at five depths below the soil 

surface (20, 40, 60, 80, and 100 cm), with three replications. We collected soil samples at 

eight depths (10, 20, 30, 40, 50, 60, 80, and 100) every 10 days to measure the soil water 

content and soil salinity in the laboratory, and to validate the soil moisture and EC. We 

performed regression analyses using EC as the independent variable and soil salinity (Ss, g 

kg-1) as the dependent variable based on data in all depths' average (20, 40, 60, 80, and 100 

cm), and developed empirical models for this relationship: 

Ss = 17.64ln(EC)+8.12, R2 = 0.94, n = 435 for the saltmarsh wetland 

Ss= 5.96ln(EC)+10.30, R2 = 0.84, n = 525 for the riparian wetland 

Simultaneously, we automatically measured the depth to the water table and water 

temperature using a water-level sensor (HOBO water level logger, Onset Computer 

Corporation, Pocasset, MA, USA), and recorded the data every hour. Each of the five 

observation wells was 5 cm in diameter and made from PVC pipe; all wells had sensors 

installed. In addition, we measured soil bulk density, particle basic density, soil water content 

at the wilting point, and field capacity, and developed a water-retention curve and calculated 

the hydraulic conductivity. The soil parameters are shown in Table 2. 

[Table 2. near here] 

3.2.2Meteorological measurements  
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We used the Bowen ratio–energy balance method to measure ET and the water and energy 

fluxes at the interface between soil and the atmosphere in both wetlands. The data was 

collected using a micrometeorological system (Radiation Energy Balance Systems Inc., 

Bellevue, WA, USA) with sensors installed at 2 and 3 m above the ground. We measured air 

temperature and relative humidity using a temperature /humidity probe (MP300, Campbell 

Scientific Ltd., Shepshed, UK), wind speed and direction using a three-dimensional sonic 

anemometer (ATI Electronics Inc., Boulder, CO, USA), and atmospheric pressure and water 

vapor using an infrared gas analyzer (CS105, Vaisala, Helsinki, Finland). We observed Rn 

and the photosynthetically active photon flux density at a height of 2 m above the ground 

using a quantum sensor (LI190SB, Li-Cor Inc., Lincoln, NE, USA) and a four-component net 

radiometer (CNR-1, Kipp and Zonen, Delft, the Netherlands), and determined the soil heat 

flux using three soil heat-flux plates (model HFT-3, Radiation and Energy Balance Systems, 

Seattle, WA, USA) buried 5 m from the micrometeorological tower at a depth of 3 cm. We 

measured precipitation with a tipping-bucket rain gauge (model TE525, metric; Texas 

Electronics, Dallas, TX, USA), and monitored soil moisture (Decagon Devices) and soil 

temperature (107-L, Campbell Scientific Ltd., Edmonton, Alberta, Canada) adjacent to the 

micrometeorological tower at depths of 10, 20, 30, 40, 50, 60, 80, and 100 cm. We measured 

the meteorological data at a frequency of 10 Hz and recorded the data every 5 min using a 

CR1000 datalogger (Campbell Scientific Inc., Logan, UT, USA), which was stored as the 30-

min mean. Precipitation and wind data were stored as the 10-min mean. 

3.2.3 Sample collection, and nutrient and chemical analysis 

Along a water level gradient, soil samples were collected at approximately monthly 

intervals to measure hydrochemical characteristics during the growing season from April 

2014 through October 2017 in both wetlands (Fig. 1). The geographical coordinates and the 

elevation of each site were recorded using a GPS receiver (eTrex Vista; Garmin, New Taipei 

City, Taiwan, China). A total of 50 sample points were investigated. Soil sampling followed a 

stratified random sampling design using 0.25 m × 0.25 m quadrats in which soil samples 
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were excavated at six depths (0–10, 10–20, 20–40, 40–60, 60–80, 80–100, down to the 

groundwater) with three replicates. Soil samples were transported on ice packs from the field 

to the lab, where they were aseptically homogenized and stored at 4°C until they could be 

analyzed. The bulk density was measured in each layer using a bulk soil sampler (5 cm in 

diameter and 5 cm in height, with a stainless-steel cutting ring). The soil particle-size 

distribution was measured using a Mastersizer 2000 Laser Particle Size Analyzer (Malvern 

Scientific Instruments, Malvern, UK). Soil samples were air-dried, passed through a 0.25-mm 

sieve, and then homogenized before the soil nutrient and chemical analysis. 

EC was also measured using a DDS-307 salinity meter (Boqu Scientific Instruments, 

Shanghai, China), and the pH was measured using an 868 pH meter (Orion Scientific 

Instruments, MN, USA). The TN, TC, and SOM concentrations were measured with a Vario 

EL III Elemental Analyzer (Elementar Scientific Instruments, Hanau, Germany). TP was 

determined by means of perchloric-acid digestion followed by ammonium-molybdate 

colorimetry using a UV-2450 spectrophotometer (Shimadzu Scientific Instruments, Kyoto, 

Japan). AN was determined using the alkalizable diffusion method. AP was determined with 

a spectrophotometer after extraction using bicarbonate solution. AK was determined with a 

flame photometer. The carbonate (CO3
2-) and bicarbonate ions (HCO3

-) were measured using 

the double-indicator neutralization method; Chloride (Cl−) and sulfate (SO4
2−) were measured 

using ion chromatography. Major cation concentrations, including dissolved calcium (Ca2+), 

magnesium (Mg2+), potassium (K+), and sodium (Na+), were measured using an inductively 

coupled plasma-atomic emission spectrometer and atomic absorption spectrometry. 

We measured the density of total carbon (TCD), total nitrogen (TND), and total phosphorus 

(TPD) to a depth of 100 cm using the following equation: 

1 100
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where SOCD represents TCD, TND, or TPD to a depth of 100 cm (kg/m2); i is the depth of a 

soil layer; Ci is the content of TC, TN, or TP (g/kg) in that layer; ρb is the soil bulk density 

(g/cm3); and di is the thickness of the soil layer (cm). 

3.3 Statistical analysis 

We evaluated the model’s ability to fit the field-measured values (Camino-Serrano et al., 

2014) in both wetlands using three statistical parameters: the absolute mean error (AME), the 

root-mean-square error (RMSE), and the model goodness of fit (R2). These indices were 

calculated as follows: 
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where Pi, Mi, and M  are the predicted, observed, and mean values of the observations. 

Canonical correspondence analysis (CCA) is a form of direct gradient analysis that 

measures the environmental gradient directly, and is thus appropriate for studies that focus on 

examining the relationships between soil properties and environmental variables. We 

therefore used CCA to provide an ordination for the relationships among the environmental 

factors and the soil properties. We performed the CCA using Canoco 4.5 to explore the 

relationships among TCD, TND, and TPD and the soil hydrochemical characteristics (SOM, 

TN, TC, TP, AN, AP, AK, SO4
2-, Cl-, HCO3

-, Ca2+, Mg2+, K+, Na+, pH, and EC) during the 

measurement period. As in CCA, each axis has an eigenvalue that indicates its importance, 

with positive eigenvalues, corresponding to patterns of positive spatial correlation, because 
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the eigenvalues represent the variance explained on the corresponding principal coordinates 

and this variance. The sum of all eigenvalues is close to 1.0, and starting from the first axis, 

the importance of principal coordinates decreases in the order of their decreasing eigenvalues. 

The intra-set correlations represent the contribution of the explained variation to each axis, 

with the higher the value, the greater the correlation between  variation and axis. We also 

analyzed the significance of the effects of the wetland type, soil depth, time, and their 

interactions on soil hydrochemical characteristics (SOM, TN, TC, TP, AN, AP, AK, SO4
2-, 

Cl-, HCO3
-, Ca2+, Mg2+, K+, Na+, pH, and EC) by means of using repeated-measures ANOVA 

to compare the main effects and the interactive effects, and considered values to be 

significantly different when P < 0.05. We performed this analysis using version 13.0 of the 

SPSS software (https://www.ibm.com/analytics/spss-statistics-software). 

4. Results 

4.1 Meteorological and hydrological processes  

During the study period, annual precipitation averaged 124.5±12.4 mm from 2014 to 2017. 

Most precipitation events were less than 5 mm, and summer events accounted for more than 

60% of annual precipitation. ET increased from May to July and then decreased to its 

minimum value in October; for the saltmarsh and riparian wetlands (respectively), ET 

averaged 660.23 and 587.94 mm yr-1, versus simulated values of 672.94 and 627.82 mm yr-

1(Fig. 2A). Groundwater depth (Fig. 2B) showed obvious seasonal variation in the saltmarsh 

wetland, whereas groundwater depth fluctuated but remained near the average value in the 

riparian wetland. Groundwater depth averaged 130.87±14.55 cm in the saltmarsh wetland  

and 85.57±5.57 cm in the riparian wetland, versus simulated values of 131.70±12.37 cm and 

84.82±4.81 cm (Fig. 2B). During the freezing period, the moisture content near the soil 

surface decreased significantly, but there was only a small change in the deeper layers. 

During the study period, the soil moisture increased gradually with increasing depth in the 

soil. The soil moisture at depths of 10, 20, 40, 60, and 80 cm averaged 24, 25, 27, 34, and 

37%, respectively, in the saltmarsh wetland, versus 26, 27, 28, 32, and 39% in the riparian 
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wetland (Fig. 2C). During the study period, soil salinity had annual averages of 29.80 g kg-1 

in the riparian wetland, where it showed relatively small fluctuations over time, versus and 

63.64 g kg-1 in the saltmarsh wetland, which showed dramatic seasonal changes (Fig. 2D). 

During the freezing period, the surface salt content decreased because the soil was frozen, but 

the surface salinity gradually increased, and salt accumulation and precipitation occurred near 

the soil surface, as the soil thawed. Rn, G, λET, and H showed clear seasonal and inter-annual 

variability, with a unimodal curve. In the saltmarsh wetland, annual values of these 

parameters averaged 7.48±5.06 MJ·m–2·d–1 for Rn, 0.91±2.39 MJ·m–2·d–1 for G, 5.13±4.02 

MJ·m–2·d–1 for λET, and 1.46±1.38 MJ·m–2·d–1 for H (Fig. 2E). In the riparian wetland, the 

corresponding values were 6.83±5.45 MJ·m–2·d–1 for Rn, -0.05±0.78 MJ·m–2·d–1 for G, 

3.62±4.12 MJ·m–2·d–1 for λET, and 3.24±3.10 MJ·m–2·d–1 for H (Fig. 2F). 

[Fig. 2. near here] 

4.2 Hydrochemical characteristics 

4.2.1 Hydrochemical characteristics 

The soil samples revealed a clear trend towards higher SO4
2−, Na+, Ca2+, and Cl-fractions 

as well as lower Mg2+, K+, and HCO3
– fractions in both wetlands (Fig. 3). Among the cations, 

Na+ and Ca2+ were dominant in both wetlands. Among the anions, which come primarily 

from groundwater, SO4
2− and Cl- were dominant in both wetlands. Therefore, the major ion 

types were Na+-Ca2+-SO4
2−-Cl- in the saltmarsh wetland and the riparian wetland, 

respectively.  

[Fig. 3. near here] 

4.2.2 Variation of major ion and nutrient concentrations 

The major ion concentrations showed changes similar to the seasonal variation of 

hydrological characteristics during the study period (Fig. 4). The concentrations decreased 

from a maximum in April to a minimum in June, and then increased until September. During 
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the freezing period, the major ions that were trapped in frozen water exhibited desalination 

during the crystallization process. However, the ions were gradually released during the 

melting period, in April, and combined with salt accumulation and precipitation near the soil 

surface, accompanied by continuous ET. However, the ion concentrations decreased 

significantly as the water level approached the surface, accompanied by dilution caused by 

precipitation during the rainy season. As ET continued during the growing season, water flux 

started to move upward to compensate for the water loss near the soil surface. Consequently, 

the accumulation of major ions in the upper soil layer occurred again, and a crust formed at 

the surface that allowed more ions to accumulate below the crust. Therefore, a second peak 

occurred in July when ET was at its highest value. 

[Fig. 4. near here] 

We found no significant seasonal change in the nutrient concentrations; the nutrient 

concentrations fluctuated, but remained near the overall mean for the growing season (Fig. 5). 

In the saltmarsh wetland, the measured values averaged 10.15±0.82 g/kg for SOM, 0.80±0.06 

g/kg for TN, 28.22±1.50 g/kg for TC, 1.52±0.08 g/kg for TP, 37.82±2.83 mg/kg for AN, 

4.20±0.25 mg/kg for AP, and 379.92±24.80 mg/kg for AK. In the riparian wetland, they 

averaged 6.31±0.42 g/kg for SOM, 0.46±0.03 g/kg for TN, 11.83±0.67 g/kg for TC, 

1.57±0.07 g/kg for TP, 24.27±1.47 mg/kg for AN, 4.32±0.19 mg/kg for AP, and 

205.25±15.18 mg/kg for AK. 

[Fig. 5. near here] 

The differences between simulated and measured values for the ion and nutrient 

concentrations were generally small in both wetlands (Fig. 4, 5).  In the saltmarsh wetland, 

RMSE ranged from 0.016 to 0.925 g/kg for the major ions (Fig. 4) and from 0.305 mg/kg to 

1.010 g/kg for the nutrients (Fig. 5). In the riparian wetland, RMSE ranged from 0.008 to 

0.460 g/kg for the major ions (Fig. 4) and from 0.449 mg/kg to 0.871 g/kg for the nutrients 

(Fig. 5). 
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Figure 6 shows the trends for the ion concentrations as a function of depth in the soil. In 

both wetlands, the major ion concentrations decreased significantly (p< 0.05) with increasing 

depth in the soil. However, there were no significant differences among the values at depths 

of 60 to 100 cm (p> 0.05). In both wetlands, the linear regressions for the relationships 

between the measured and predicted values were all strong and significant for the major ions 

(Fig. 6; R2> 0.97, P< 0.05) and for the nutrients (Fig. 7, R2> 0.93, P< 0.05). In the saltmarsh 

wetland, RMSE ranged from 0.008 to 0.236 g/kg for the major ions (Fig. 6). In the riparian 

wetland, RMSE ranged from 0.012 to 1.364 g/kg for the major ions (Fig. 6). These results 

indicated high accuracy of the prediction of major ion and nutrient concentrations for the two 

wetlands. 

[Fig. 6. near here] 

The nutrient concentrations also decreased significantly (P < 0.05) with increasing depth in 

the soil (Fig. 7). The nutrient concentrations of saltmarsh wetland was significantly higher 

than that of riparian wetland, and the nutrient concentrations to a depth of 100 cm ranged 

from5.8±0.32 to 10.64±0.67 g/kg for SOM, from 0.43±0.02 to 0.78±0.04  g/kg for TN, from 

12.1±0.51 to27.68±1.66 g/kg for TC, from 1.14±0.02 to 1.33±0.03 g/kg for TP, from 

22.96±1.18 to 39.85±2.19 mg/kg for AN, from 5.09±0.28 to 6.12±0.16 mg/kg for AP, and 

173±10.6 and 386.42±15.39 mg/kg for AK in the riparian wetland and saltmarsh wetland, 

respectively. In the saltmarsh wetland, RMSE ranged from 1.120 mg/kg to 1.071 g/kg for the 

nutrients (Fig. 7). In the riparian wetland, RMSE ranged from 0.079 mg/kg to 2.140 g/kg for 

the nutrients (Fig. 7).  

[Fig. 7. near here] 

The linear regressions for the relationships between the simulated and measured values 

produced strong (R2> 0.93) and statistically significant (P< 0.05) results for both wetlands. 

Thus, the model did a good job of predicting both major ion and nutrient concentrations. The 
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goodness of fit was stronger for the Hydrus-1D model (i.e., for the ions) than for the DNDC 

model (i.e., for the nutrients). Nonetheless, both model fits were generally excellent. 

4.2.3 Density and storage of total C, N, and P 

TCD, TND, and TPD were higher in the saltmarsh wetland than in the riparian wetland at 

all depths in the soil (Table 3). In the saltmarsh wetland, the values were 6.18±3.51 kg·m-2 for 

TCD, 0.18±0.10 kg·m-2 for TND, and 0.29±0.14 kg·m-2 for TPD, versus 1.96±0.79 kg·m-2 for 

TCD, 0.08±0.03 kg·m-2 for TND, and 0.22±0.09 kg·m-2 for TPD in the riparian wetland. The 

maximum values of TCD, TND, and TPD were at 50 to 80 cm below the surface in the 

saltmarsh wetland, versus 30 to 50 cm in the riparian wetland. In both wetlands, TCD, TND, 

and TPD were higher at 50 to 100 cm below the surface than in the top 50 cm of the soil. This 

indicates a stronger sink function for C, N, and P deeper in the soil. 

[Table 3. near here] 

The storage of total carbon (STC), total nitrogen (STN), and total phosphorus (STP) in the 

saltmarsh wetland were higher than those in the riparian wetland (Fig. 8). In the saltmarsh 

wetland, average total storage was 372.72±66.52 t C/hm2 for STC,10.92±2.59 t N/hm2 for 

STN, and 17.55±1.54 t P/hm2 for STP, versus 119.72±27.88 t C/hm2, 4.38±1.24 t N/hm2, and 

13.17±1.46 t P/hm2, respectively, in the riparian wetland. All three storage values increased 

with the increase of soil  salinity in the saltmarsh wetland, which indicates that wetland 

salinization can increase nutrient storage. 

[Fig. 8. near here] 

4.3 Effects of hydrochemical characteristics on soil C, N, and P 

4.3.1 Effects and their interactions on hydrochemical characteristics 

Table 4 summarizes the significance of the effects of wetland type (WT), soil depth (SD), 

sampling time (ST), and their interactions (WT × SD,WT × ST,SD × ST,WT × SD × 

ST) on the hydrochemical characteristics (SOM, TN, TC, TP, AN, AP, AK, TCD, TND, TPD, 
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SO4
2-, Cl-, HCO3

-, Ca2+, Mg2+, K+, Na+, N:K, C:P, C:K, C:N, EC). The F value is the ratio of 

two mean squares (effect term/error term). The larger the F value (compared with the 

standard F value with a given significance level), the greater the effect difference between the 

treatments, and the smaller the error term with  the higher the test accuracy. The F value 

shown that the effects in the two arid wetlandswere mostly significant (P< 0.001). However, 

the main effects and their interaction terms did not significantly explain pH during the 

measuring period, and the volumetric water content (VWC) was only significantly explained 

by sampling time. Soil C:N, C:P, and N:P ratios all increased with salt accumulation (i.e., 

were higher in the saltmarsh wetland). The high C:P and N:P < 14 indicated that N and P 

were the limiting factors for plant growth, and that N was more restricted than P. Therefore, 

the accumulation of salt in arid wetlands appears to increase STC, STN, and STP during the 

process of salinization, and this change increases the wetland’s function as a sink for C, N, 

and P, but especially for C. 

[Table 4. near here] 

4.3.2 Effects of hydrochemical characteristics on soil C, N, and P 

We performed CCA to explore the relationships between TND, TCD, and TPD and the 

hydrochemical characteristics during the measurement period. Table 5 presents the 

eigenvalues for the first four principal coordinate (PC) axes in the CCA analysis. The 

correlations between TCD, TND, and TPD  and the hydrochemical factors was high for the 

first three canonical axes (0.760, 0.256 and 0.179, respectively, for the  saltmarshwetland, 

versus0.814, 0.383, and 0.231, respectively, for the riparian wetland), and the combination of 

TCD, TND, and TPD explained 98.8%of the cumulative variance in the saltmarsh wetland 

and 98.0% in the riparian wetland (Table 5, Fig. 9). These results suggest a strong association 

between TCD, TND, TPD, and the hydrochemical parameters. In the intra-set correlation for 

the hydrochemical factors, the first axis accounted for 80.3and 80.8% of the total variance for 

the saltmarsh wetland and riparian wetland, respectively, versus 14.5 and 12.5%, respectively, 
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for the second axis. In addition, Axis 3 is associated with a high negative loading for TN and 

a moderate loading for pH (Table 5). 

[Table 5. near here] 

5. Discussion 

5.1 Hydrochemical characteristics 

The hydrological conditions and chemical characteristics are primary factors that 

determine a wetland’s type, formation mechanism, and persistence (Crosbie et al., 2009; 

Bijoor et al., 2011; Glenn et al., 2012; Liu et al., 2014, 2019). We found that the nutrient and 

major ion concentrations gradually decreased with increasing depth below the surface in the 

saltmarsh and riparian wetlands. These compounds have laid a rich foundation for the 

formation of carbonates. With continuous ET, salts are transported upward toward the soil 

surface in water that is migrating upward via capillary rise from the shallow groundwater, 

leading to salt accumulation and concentration increases near the surface (Xu et al., 2014; Liu 

et al., 2014). At the same time, ion exchange and adsorption occur between soil particles and 

ions in the groundwater. The Ca2++Mg2+/HCO3
- ratio can be used to explain the sources of 

Mg2+ and Ca2+ in groundwater. When soil particles adsorb Mg2+ and Ca2+ from the 

groundwater, this increases the concentration of Na+ in the soil solution. Generally, shallow 

groundwater strongly dilutes ions in the soil solution in riparian wetlands, which is why the 

ion concentrations are lower than in a saltmarsh wetland (Liu et al., 2014, 2017, 2019). Thus, 

concentration of the soil solution through ET combines with ion adsorption and release to 

alter hydrochemical characteristics such as the Mg2+/SO4
2− ratio in wetlands. As salinity 

increases, Ca2+ ions are added to the soil solution faster than HCO3
-, suggesting a carbonate 

origin for the Ca2+ and another source for bicarbonates, probably through dissolution of 

dolomite. 

Long-term irrigation and fertilization in arid regions to sustain irrigated agriculture can 

significantly increase SOC, Ca2+, and Mg2+, leading to SOC accumulation at rates ranging 
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from 101 to 202 g C m−2 year−1, which provides sufficient C, Ca, and Mg sources for the 

formation of inorganic carbon in farmland (Wang et al., 2014; Su et al., 2018). In arid 

wetlands, the ions are transported out of oasis farmland through irrigation and leaching. In 

addition, agricultural non-point source pollution plays a key role in regulating hydrochemical 

processes in arid wetlands, since irrigation increases N, P, heavy metals, and organic 

pollutants in the returned irrigation water, leading to deterioration of water quality in the 

desert oasis wetland (Furi et al., 2011). This phenomenon has an important impact on the 

water environment of desert oasis wetlands. In agricultural irrigation, the fertilizer use 

produces sulfates that are a main source of sulfate pollution in rivers, wetlands, and 

groundwater (Szynkiewicz et al., 2011; Zhou et al., 2016). In the middle reaches of the Heihe 

River, agricultural fertilizer significantly affects the sulfate isotope composition (Li et al., 

2013). In addition, chloride deposition is a key process in salt lakes (Ye et al., 2015). The 

abovementioned combinations of Ca2+ and Na+ desorption with the release of SO4
2− and Cl- 

explain why the major ion type was Na+-Ca2+- SO4
2−-Cl-in the saltmarsh wetland and riparian 

wetland.  

The silicates contain cations, and can decompose to release Ca2+ and Mg2+. In addition, the 

water that flows down from mountain areas transports large quantities of Ca2+, Mg2+, K+, Na+, 

and other cations (Li et al., 2015a,b; Wu et al., 2016), which improves the soil cation content 

in the arid wetlands that receive these flows. However, the adsorption of carbonate to soil 

particles was not considered in previous reports. In an alkaline and calcium-rich geochemical 

environment with abundant oxygen and a pH of ~8 in an arid wetland in China, CO2 is 

generated and it forms a weak acid that can dissolve the deposits of soil inorganic carbon to 

increase soil organic carbon. This is because the mineralization rate of soil organic matter is 

high, resulting in the deposition of inorganic carbon. Precipitated carbonates are deposited in 

deep soil and enter the groundwater layer through leaching; alternatively, heavy rain in 

mountainous areas and artificial irrigation in oases can transport carbonate to a lake or 

wetland at the end of a river (Li et al., 2015a,b). 
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5.2 Density and storage of total C, N, and P 

The soil C, N, and P contents depend strongly on the balance between inputs and outputs, 

which mainly originate from plant and animal residues, and soil microbial biomass, and their 

stocks depend on the organic matter accumulation and decomposition rates (Schulze et al., 

2009; Wu et al., 2016). In the present study, nutrient concentrations fluctuated around an 

equilibrium point rather than showing a seasonal trend (Fig. 5), but decreased with increasing 

soil depth in both arid wetlands (Fig. 7). Other researchers have confirmed that the fixation of 

soil C strongly controls the soil N content, and this explains why the two nutrients show 

similar trends (Elser et al., 2007). 

We also found that TCD, TND, and TPD were higher in the saltmarsh wetland than in the 

riparian wetland at all depths (Table 3). TCD, TND, and TPD were significantly positively 

correlated with TN, TC, and TP. The overall C:N ratios for our study area were far lower than 

the C:N ratios (about 22) in arid wetland. Grassland ecosystems have a lower C:N ratio and a 

narrower range of ratios because of the faster turnover of SOM. Wu et al. (2016) suggested 

that SOC in arid wetlands usually decomposes more slowly than in grassland ecosystems and 

thus has a higher C:N ratio. The C:N ratio(27.84) in arid wetlands is higher than the Chinese 

national average (13, indicating less-decomposed SOM). The average values of C:P (14.76) > 

N:P (0.53) in the arid wetland soils of our study area, and these are lower than the 

corresponding national average values (105 and 8, respectively). This indicates that the 

humus content of soil organic matter is higher than the national average, and that organic N 

and P are more easily mineralized. At the same time, high C, N, and P also mean that there 

may be little exchange of soil nutrients between the arid wetlands and their external 

environment. Saline wetlands in arid regions, the irrigation backwater is also one of the main 

water sources which are rich in salt ions and nutrient elements bacause of fertilizer 

application in agricultural activity (Liu et al., 2014, 2017, 2019). On the one hand, salt ions 

and nutrient elements are transported towards the soil surface through capillary rise from 

shallow groundwater and irrigation water with continuous evapotranspiration, leading to salt 
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accumulation and nutrient enrichment near the soil surface (Xu et al., 2005, 2013). This 

eventually leads to a significant increase in soil TC, TN, and TP during the process of 

wetland salinization, the increase continues. On the other hand, seasonal and interannual 

variability in river runoff affects the freshwater discharge into wetlands and influences the 

processes of hydrochemical characteristics, organic matter accumulation and decomposition 

processes. After salinization of a wetland, the oxygen supply was insufficient in anaerobic 

environment, the microorganism quantity and the enzyme activity were inhibited in soil, the 

organic matter that was present decomposes slower than before salinization occurred, leading 

to the increased TN, whereas STC, STN, and STP increased with the increase of salinity in 

the saltmarsh wetland, which indicates that wetland salinization can improve the wetland’s 

function as a sink for C and N, although this differs from the results of Huo et al. (2013) and 

Wu et al. (2016). 

In addition, CO2 absorbed by water in alkali and saline wetlands forms a weak acid that can 

leach into the groundwater and promote the dissolution of carbonates, thereby decreasing the 

C sink potential (Li et al., 2015a; Wu et al., 2016). In the Mojave Desert, Gurbantunggut 

Desert, and Badain Jaran Desert, where the ecosystem absorbed more than 100 g C m−2 year−1 

(Jasoni et al., 2005; Xie et al., 2009), the TCD of the desert saline soil is even greater. 13C 

tracer studies showed that atmospheric CO2 can directly enter a desert soil and become bound 

to the soil particles (Wohlfahrt et al., 2015); as a result, soils of desert and semi-arid areas 

were estimated to absorb of 5.2 Pg C year−1 as CO2, amounting to global soil carbon reserves 

of 551 Pg C, of whichsoil inorganic carbon reserves accounted for 83% (Stone, 2008; Ma et 

al., 2014; Liu et al., 2015a). The storage of TC to a depth of 1 m that was observed in a 

previous study of an arid region would take 106 years to accumulate (Su et al., 2018). 

However, the storage of TC was 37.2 kg C m−2 to a depth of 1 m in the saltmarsh wetland, 

and it would take 372 years for this level of TC to accumulate at a rate of 100 g C m−2year−1. 

5.3 Effects of hydrochemical characteristics on soil C, N, and P 
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In the saltmarsh wetland, this axis was positively correlated with the concentrations of 

SOC, TN, AN, AK, SO4
2-, Cl-, Ca2+, Mg2+, K+, Na+, pH, and EC (Fig. 9a). This particular 

pattern, combined with high positive loadings for the hydrochemical factors (Table 5), may 

reflect the influence of fertilizer and pesticide application on pollution of the groundwater, 

and may therefore represent agricultural non-point source pollution. The strong positive 

loadings for Ca2+, Mg2+, and EC probably cannot be attributed directly to salinizationof the 

soil, but rather to secondary processes such as ion exchange, which become more evident in 

more salinized soils (Fig. 9). 

[Fig. 9 near here] 

In the saltmarsh wetland (Fig. 9A), the second axis was negatively correlated with HCO3
-, 

AP, TP, TC, TCD, TPD, SOC, TND, TN, and pH. This results from dilution of the 

groundwater by water recharge or mineralization caused by interactions between water, soil, 

and rocks. In the riparian wetland (Fig. 9B), the second axis was negatively correlated with 

HCO3
-, AP, TP, TC, TCD, TPD, SOC, TND, and TN. The fresh water provided by 

precipitation or recharge of the aquifer by river water during the sampling period dissolves 

carbonate rocks (Li et al., 2015a; Wu et al., 2016). In addition, the presence of carbonate 

rocks such as calcite and dolomite in the river sediments causes the HCO3
- concentration to 

increase throughout the aquifer (Su et al., 2018). The negative loading for pH may be caused 

by the biogenic or organic control of pH by river sediments. In addition, NO3
- pollution is 

serious in our study area because of extensive agricultural activity in the region, combined 

with nitrate in domestic wastewater (Ma et al., 2014; Liu et al., 2017; Liu et al., 2019). An 

inverse relationship between TN and pH represents nitrification. Through nitrification, TN is 

enriched, and H+ is produced as a byproduct, leading to a decrease of groundwater pH.  

6 Conclusions 

Until the present study, there was little knowledge about the relationships between 

hydrochemical characteristics, the source/sink function, and C, N, and P cycling in wetlands 
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in arid regions. In the present study, the major ion type was Na+-Ca2+-SO4
2−-Cl- in the 

saltmarsh wetland and riparian wetland. The anion, cation, and nutrient concentrations 

decreased gradually but significantly with increasing depth in the soil in both wetlands, which 

suggests that fertilizer and pesticide application in local farmland led to groundwater 

pollution that plays a key role in regulating hydrochemical processes, and also suggests that 

the agricultural irrigation increases levels of N and P in the wetlands. Desert soil has a high 

sand content, and dissolution of the particles and release of bound cations by weak acids 

improves the soil cationic content in the arid wetlands. In addition, precipitated carbonates 

were deposited in the deep soil and were leached into the groundwater layer by weak acids. 

The storage of total carbon to a depth of 1 m reached 37.2 kg C m−2 in the saltmarsh wetland, 

which would take 372 years to accumulate at a rate of 100 g C m−2 year−1. Evapotranspiration 

and concentration processes and ion adsorption to soil particles strongly affected the 

hydrochemical characteristics of the wetlands. As salinity increased, Na+ and Ca2+ were 

added to the soil solution at a greater rate than HCO3
-, suggesting a carbonate origin for the 

calcium and another source (probably dolomite) for bicarbonates. 
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Fig. 1.Locations of the study area in China and of the riparian wetland and saltmarsh wetland 

within the study area. 
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Fig. 2.The temporal variation of the measured and simulated values in the saltmarsh wetland 

(Case 1) and the riparian wetland (Case 2):(A) precipitation and evapotranspiration (ET); (B) 

groundwater depth; (C) soil moisture; (D) soil salinity; (E) energy flux terms (Rn, λET, H and 

G) in the riparian wetland; (F) energy flux terms (Rn, λET, H and G) in the saltmarsh 

wetland.Rn is the net radiation; G is the soil heat flux; H is the sensible heat flux; λET is the 

latent heat flux. 
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Fig. 3. Piper diagrams for cation and anion concentrations in the saltmarsh wetland  and the 

riparian wetland. 
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Fig. 4.The monthly variation of major ion concentrations during the growing season, and 

comparison of the measured and simulated values in the saltmarsh wetland (Case 1) and the 

riparian wetland (Case 2). Parameter definitions: a and b are regression coefficients for the 

equation y = ax + b (where y = predicted and x is measured); R2 is the goodness of fit for the 

regression, and RMSE is the root-mean-square error. All regressions were statistically 

significant (P< 0.05). 
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Fig. 5.The monthly variation of nutrient concentrations during the growing season, and 

comparison of the measured and simulated values, in the saltmarsh wetland (Case 1) and the 

riparian wetland (Case 2). Parameter definitions: a and b are regression coefficients for the 

equation y = ax + b (where y = predicted and x is measured); R2 is the goodness of fit for the 

regression, and RMSE is the root-mean-square error. All regressions were statistically 

significant (P< 0.05). 
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Fig. 6. Changes in major ion concentrations as a function of depth in the soil, and comparison 

between the measured and simulated values for the saltmarsh and the riparian wetland.  
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Fig. 7. Changes in the nutrient concentrations as a function of depth in the soil, and 

comparison between the measured and simulated values for the saltmarsh wetland  and the 

riparian wetland. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. The storage of total carbon (STC), total nitrogen (STN) and total phosphorus (STP) in 

the saltmarsh wetland (Case 1) and the riparian wetland (Case 2). 
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Fig. 9. The results of the canonical correlation analysis using the hydrochemical parameters 

for (A) the saltmarsh wetland and (B) the riparian wetland. 
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Table 1.Soil hydraulic parameters applied in the numerical simulation for each wetland  

Wetland Depth (cm) θr (cm3 cm−3) θs (cm3 cm−3) 
α 

(cm−1) 
n Ks (cm h−1) l 

Saltmarsh 

wetland 

0-20 0.093 0.378 0.025 1.32 5.65 0.5 

20-40 0.071 0.495 0.022 1.56 1.52 0.5 

40-60 0.092 0.553 0.024 1.33 1.49 0.5 

60-80 0.131 0.538 0.034 1.08 1.20 0.5 

80-100 0.134 0.559 0.035 1.12 1.35 0.5 

Riparian 

wetland 

0-20 0.044 0.359 0.015 1.92 2.95 0.5 

20-40 0.014 0.441 0.008 2.32 4.33 0.5 

40-60 0.032 0.387 0.013 2.12 3.96 0.5 

60-80 0.025 0.377 0.012 2.27 4.15 0.5 

 80-100 0.034 0.385 0.014 1.99 4.04 0.5 

θr, θs, and Ks are the residual water content, saturated water content, and saturated hydraulic 

conductivity, respectively. α, n, and l are model parameters. 
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Table 4.Effects of wetland type (WT), soil depth (SD), sampling time (ST), and their 

interactions on hydrochemical characteristics in arid wetland. Abbreviations: VWC, 

volumetric water content; GW, depth to groundwater, TN, total nitrogen; TC, total carbon; 

TP, total phosphorus; AN, available nitrogen; AP, available phosphorus; AK, available 

potassium; TND, total nitrogen density; TCD, total carbon density; TPD, total phosphorus 

density. 

 
WT SD ST WT × SD WT × ST SD × ST 

WT × SD 

× ST 

VWC (%) 3.56 2.64 82.35*** 2.36 2.27 1.53 1.68 

GW (cm) 1645***  1023***     

SOM 858.36*** 175.71*** 27.13*** 53.32*** 8.43*** 32.07*** 9.20*** 

TN 1329.10*** 130.34*** 24.97*** 47.54*** 18.49*** 23.25*** 7.71*** 

TC 2690.46*** 25.82*** 11.71*** 149.08*** 7.23*** 11.94*** 5.86*** 

TP 1.34 34.53*** 12.76*** 10.86*** 9.06*** 2.09** 2.29*** 

AN 1244.28*** 101.94*** 14.81*** 61.83*** 14.25*** 22.80*** 9.83*** 

AP 4.45* 234.32*** 57.61*** 155.16*** 55.53*** 69.97*** 90.37*** 

AK 1663.52*** 881.40*** 224.20*** 73.01*** 55.69*** 66.99*** 45.54*** 

N:K 169499.62**

* 
29089.72*** 7349.46*** 17735.43*** 5262.61*** 2657.94*** 2369.68*** 

C:P 1880093.67*

** 
40041.58*** 

31084.11**

* 

107189.76**

* 
4028.56*** 

12024.70**

* 
6919.79*** 

C:K 1124795.71*

** 

526033.71**

* 

90761.92**

* 

113887.85**

* 

58236.69**

* 

31136.58**

* 

20114.05**

* 

C:N 22757.76*** 11245.74*** 3258.86*** 3470.02*** 611.05*** 1441.95*** 682.29*** 

TND 14.88*** 20.98*** 22.03*** 21.34*** 63.25*** 31.18*** 91.26*** 

TCD 48.16*** 18.23*** 30.42*** 32.48*** 20.68*** 21.17*** 31.09*** 

TPD 32.99 67.93*** 40.57*** 70.86*** 31.22*** 60.71*** 61.10*** 

HCO3
- 627.31*** 1766.14*** 376.07*** 36.68*** 99.08*** 96.25*** 87.07*** 

SO4
2− 52.68*** 1636.95*** 145.33*** 41.83*** 56.74*** 86.59*** 50.09*** 

Ca2+ 12.82*** 17.39*** 35.32*** 75.03*** 20.10*** 12.52*** 13.73*** 

Ca2+ 3510.78*** 982.56*** 158.50*** 270.37*** 210.03*** 55.28*** 51.72*** 

Mg2+ 133.30*** 1751.92*** 372.13*** 45.11*** 234.09*** 124.02*** 170.64*** 

K+ 603.53*** 1759.79*** 298.80*** 26.90*** 92.24*** 78.28*** 59.13*** 

Na+ 44.40*** 1849.67*** 223.86*** 72.79*** 107.76*** 85.18*** 80.98*** 
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pH 1.34 0.91 1.90 0.48 0.29 0.76 0.57 

EC 163.83*** 713.40*** 187.29*** 45.38*** 34.72*** 121.41*** 53.69*** 

Significance: ***P< 0.001. 
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Table 5. The eigenvalues and intra-set correlations for theTCD, TND, and TPDin relation to 

the hydrochemical factors in the  saltmarsh wetland and riparian wetland. Abbreviations: 

SOM, soil organic matter; TN, total nitrogen; TC, total carbon; TP, total phosphorus; AN, 

available nitrogen; AP, available phosphorus; AK, available potassium; EC, electrical 

conductivity. 

 Saltmarshwetland Riparian wetland 

 PC1 PC2 PC3 PC4 Total 

inerti

a 

PC1 PC2 PC3 PC4 Total 

inerti

a 

Eigenvalues 0.54

2 

0.21

3 

0.13

4 

0.10

2 

0. 

402 

0.46

2 

0.25

2 

0.13

6 

0.12

1 

0.67

2 

Correlation 

of TCD, 

TND, and 

TPD with 

the 

hydrochem

ical factors 

0.76

0 

0.25

6 

0.17

9 

0.12

5  

0.81

4 

0.38

3 

0.23

1 

0.13

8 

 

Cumulative 

percentage of 

variance explained 

    For the 

hydrochemical 

factors 80.3 14.5 4.3 0.1  80.8 12.5 4.4 0.3 

 

 

For  TCD, TND, 

and TPD – 

hydrochemical 

relationship 83.5 94.3 98.8 

100.

0  87.8 94.0 98.0 

100.

0 

 

Sum of all 

eigenvalues 

    0.99

1 

    0.97

1 

Intra-set correlations           

SOM (g/kg) 0.04

6 

-

0.21

0 

-

0.24

6 

0.47

1 

 0.25

7 

-

0.27

0 

0.02

4 

-

0.00

9 
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TN (g/kg) 0.20

3 

-

0.18

4 

0.31

4 

-

0.16

8 

 0.19

3 

-

0.15

0 

0.51

0 

-

0.16

0 

 

TC (g/kg) 0.00

6 

-

0.37

9 

-

0.39

5 

-

0.25

7 

 0.23

6 

-

0.27

3 

0.11

9 

-

0.00

5 

 

TP (g/kg) -

0.03

3 

-

0.31

6 

-

0.00

9 

0.38

7 

 0.20

0 

-

0.27

8 

-

0.39

2 

0.17

3 

 

AN (g/kg) 0.21

8 

-

0.24

6 

0.37

5 

-

0.09

6 

 0.28

7 

-

0.15

7 

0.14

3 

-

0.00

5 

 

AP (mg/kg) -

0.02

8 

-

0.29

5 

0.40

6 

0.04

7 

 0.13

5 

-

0.22

8 

-

0.27

7 

-

0.36

0 

 

AK (mg/kg) 0.33

3 

0.06

0 

-

0.00

6 

-

0.06

0 

 0.26

8 

0.24

8 

-

0.09

3 

0.06

4 

 

SO4
2- (g/kg) 0.33

8 

0.08

2 

-

0.07

7 

-

0.04

4 

 0.26

1 

0.27

0 

-

0.03

7 

-

0.01

8 

 

Cl- (g/kg) 0.32

0 

0.03

2 

-

0.13

9 

0.16

5 

 0.25

7 

0.24

8 

-

0.11

9 

0.10

3 

 

HCO3
- (g/kg) 0.12

5 

-

0.28

7 

0.17

3 

0.32

9 

 0.07

2 

-

0.13

6 

-

0.49

7 

-

0.57

4 

 

Ca2+ (g/kg) 0.38

9 

0.10

9 

-

0.11

4 

-

0.12

9 

 0.20

8 

0.21

7 

-

0.15

3 

0.09

2 

 

Mg2+ (g/kg) 0.33

5 

-

0.04

4 

0.04

1 

-

0.01

1 

 0.23

4 

0.28

1 

-

0.07

0 

-

0.02

0 

 

K+ (g/kg) 0.34

9 

0.03

7 

-

0.04

4 

0.00

3 

 0.27

0 

0.25

1 

0.01

0 

-

0.01

6 

 

Na+ (g/kg) 0.32

5 

0.03

9 

-

0.11

8 

0.15

1 

 0.26

8 

0.16

8 

0.08

9 

-

0.04

8 
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pH 0.13

9 

-

0.11

5 

-

0.32 

0.42

9 

 0.19

2 

-

0.03

1 

0.27

5 

-

0.45

7 

 

EC 0.26

8 

0.05

8 

-

0.11

4 

0.13

4 

 0.23

5 

0.21

6 

-

0.02

7 

0.01

1 

 


