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Abstract

To address the limiting factors of soil salinity, alkalinity, and barrenness during
the reclamation of abandoned salt pans on the southern coast of Laizhou Bay,
this study selected two typical reclaimed plots in the area as research objects.
Using a combination of classical statistics and the Kriging method from geo-
statistics, we investigated the spatial variability of soil salinity in various layers
and surface soil organic matter under different reclamation years, conducted
correlation analysis between the two, and mapped the spatial distribution of
salt content in each soil layer and surface soil organic matter content. The
results showed that: soil salt content in all layers of both areas was relatively
high, exceeding 1 g/kg; influenced by anthropogenic reclamation measures such
as reclamation years, land leveling standard, and fertilization, the soil salt con-
tent in Area II was significantly lower than that in Area I; soil organic matter
content in both areas was generally low, at 4.37 g/kg in Area I and 3.66 g/kg in
Area II; the coefficient of variation for soil salt content in all layers and surface
soil organic matter in both areas ranged from 32.79% to 83.83%, showing mod-
erate variation intensity in the horizontal direction; correlation analysis results
indicated that soil salt content in all layers was extremely significantly nega-
tively correlated with organic matter content; the nugget-to-sill ratios of soil
salt content and organic matter content in all layers were less than 25%, indi-
cating strong spatial correlation for both; the minimum spatial autocorrelation
distance was 440 m, exceeding the sampling interval (minimum 160 m), indicat-
ing that the sampling interval was reasonably set; Kriging interpolation results
showed that soil salt content and organic matter content in both areas exhib-
ited banded distribution patterns; in Area I, soil salt content was highest in the
central region and gradually decreased towards the north and south, while in
Area II, soil salt content was lowest in the southeast and gradually transitioned
towards a high-value zone in the northwest; soil organic matter content in Area
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I was low in the center and higher in the north and south, whereas in Area II
it was highest in the southeast and lower in the central-northern region. The
research results provide preliminary validation for subsequent water-salt trans-
port simulation studies in high-salinity contexts, and also offer technical support
for rational zoning, improvement and utilization, and scientific management of
saline-alkali soils in salt pan reclamation areas.
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Abstract

Soil salinization and low fertility are major obstacles in the reclamation of aban-
doned salt pans along the southern coast of Laizhou Bay. This study investi-
gated two typical reclamation plots in this region, employing classical statistics
and geostatistical Kriging methods to evaluate the spatial variability of soil
salinity across different soil layers and organic matter in the surface layer under
varying reclamation durations. The correlation between soil salinity and organic
matter was analyzed, and spatial distribution maps of soil salinity in different
layers and surface organic matter content were generated.

Results indicated that both reclamation areas exhibited high soil salinity levels
exceeding 1 g/kg. Due to differences in reclamation years, land leveling, irri-
gation, and tillage practices, Area Two showed significantly lower soil salinity
than Area One. Organic matter content was also low in both areas, averaging
4.37 g/kg and 3.66 g/kg respectively. Both soil salinity and organic matter dis-
played moderate spatial variability in the horizontal direction, with variation co-
efficients ranging from 32.79% to 83.83%. Correlation analysis revealed a highly
significant negative correlation between salinity and organic matter across all
soil layers. The nugget-to-sill ratio was less than 25%, indicating strong spatial
correlation. The minimum autocorrelation distance was 440 m, exceeding the
sampling interval (minimum 160 m), demonstrating that the sampling design
was appropriate. Kriging interpolation revealed a strip-shaped distribution pat-
tern for both parameters. In Area One, soil salinity was highest in the central
region and gradually decreased toward the north and south. In Area Two, the
lowest salinity occurred in the southeast, gradually transitioning to higher val-
ues in the northwest. Organic matter distribution showed the opposite pattern:
low in the center and high in the north and south in Area One, while highest
in the southeast and lower in the central-northern region in Area Two. These
findings provide a theoretical basis and technical support for rational zoning,
improvement, utilization, and scientific management of saline soils in salt pan
reclamation areas.

Keywords: abandoned salt pan; reclamation; salinity; organic matter; Kriging
interpolation

1. Introduction

China’ s eastern coastal regions contain extensive salt pan areas. According to
relevant statistics, the salt pan area in the Laizhou Bay region alone reaches
33.7x10% hm?, accounting for one-quarter of national raw salt production. The
southern coast of Laizhou Bay, located along the Bohai Sea, has experienced mul-
tiple major marine transgression events historically, with high-mineralization
brine stored in the shallow aquifer. Local development of underground brine re-
sources for salt production has been a pillar industry. However, due to gradual
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depletion of shallow brine resources, high costs of deep brine extraction, and
fluctuations in raw salt market prices, many salt pans have become abandoned.

Under national policies, some abandoned salt pans have been reclaimed for agri-
cultural use. Despite comprehensive agricultural and engineering remediation
measures, soils still contain high levels of soluble salts due to years of salt produc-
tion, while nutrient content remains extremely low. Crop relative yield shows a
negative correlation with the electrical conductivity of saturated soil extracts at
certain salt concentrations. High salinity affects crop growth, soil microorgan-
isms, and ultimately leads to soil erosion and desertification. Research on the
dynamics of salinity and fertility in reclaimed salt pan areas provides a theo-
retical foundation for regional saline soil classification, rational utilization, and
scientific management.

Geostatistics and Kriging interpolation methods have been gradually introduced
to study spatial variability of soil properties. Combining these techniques with
GIS provides an effective approach for quantifying spatial variation of soil char-
acteristics in coastal areas or other farmland features. Panagopoulos et al. used
geostatistics and GIS to study soil salinity spatial variability in Mediterranean
regions, providing theoretical support for lettuce yield improvement and preci-
sion agriculture. Yang Jingsong et al. applied indicator Kriging to evaluate soil
salinity spatial variability in two typical plots of the Yellow River Delta, pro-
ducing conditional probability maps of soil salinity meeting certain standards
at different times. He et al. studied annual variation trends of soil salinity un-
der different vegetation communities on Chongming Island using geostatistical
methods, revealing significant effects of vegetation on soil salinity spatial dis-
tribution. Yao et al. analyzed the relationship between soil salinity and crop
biomass in coastal Zhejiang using geostatistics, demonstrating that increased
root-zone salinity reduces crop biomass.

Compared with numerous studies on coastal soil salinity spatial variation, re-
search on soil salinity in reclaimed salt pan areas remains relatively scarce. Soil
salinity in abandoned salt pans generally exceeds 1%-1.5%, and poor drainage
impedes salt leaching, resulting in low crop yields. Different zones of aban-
doned salt pans along the southern coast of Laizhou Bay have been reclaimed
for several years, with most comparative studies focusing on cotton yield. To
explore reclamation effects more deeply and propose more scientific measures,
this study targeted the main factors affecting agricultural production in this
region, using typical plots in a reclaimed salt pan area. Based on geostatistics
and Kriging interpolation, we investigated spatial variability of soil salinity and
organic matter—two critical indicators affecting crop growth—mapped their spa-
tial distribution at different depths and reclamation years, and analyzed their
interrelationships to provide theoretical and technical support for rational uti-
lization, improvement, and management of reclaimed salt pan land.
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2. Study Area Overview

The study area is located in the northern salt pan reclamation zone of Liutuan
Town, Changyi City, on the southern coast of Laizhou Bay. The geographical
location is shown in [Figure 1: see original paper]|. Area One has a reclama-
tion history of 6 years, while Area Two has been reclaimed for 4 years. Both
areas were previously brine salt pans with an average brine concentration of
5-10°Bé. In the first reclamation year, slightly saline groundwater (887 mg/L)
was introduced from Liutuan Town for large-scale flood irrigation to leach salts.
Salt-tolerant cotton was planted starting from the second year, but yields were
extremely low (2.25 t/hm?). As planting years increased, cotton yields began
to improve, though the fields remained low-yielding.

The region has a warm temperate semi-humid East Asian monsoon continental
climate, characterized by hot, rainy summers, mild and cool autumns, windy
and dry springs with droughts at season’ s end. Annual average temperature
is 11.9°C, precipitation is 660.1 mm (concentrated in summer), evaporation is
1859.4 mm, and the average evaporation-to-precipitation ratio is 64.5%. The
main soil type is salinized fluvo-aquic soil. Salt pans are widespread, with some
areas planted with cotton, peanuts, and corn. Due to high-mineralization under-
ground brine and lack of water storage facilities, freshwater resources are scarce
during non-rainy seasons. Irrigation water is obtained through underground
pipelines from Liutuan Town in the south, using subsurface drip irrigation (450-
600 m? per application) to meet crop water requirements. Soil salinity shows
seasonal variation.

3. Methods
3.1 Sample Collection

Soil sampling points were established in the study area using a grid method
for uniform sampling. In Area One, sample spacing was 160 m; in Area Two,
spacing was 180 m. A total of 48 soil samples were collected. Sampling profiles
were set at each point with depths of 0-30 cm, 30-60 cm, and 60-100 cm.
Sampling was conducted in early May 2015 before cotton sowing. Coordinates
of each sampling point were recorded using differential GPS. Soil samples were
sealed in plastic bags, labeled, and transported to the laboratory for natural
air-drying.

3.2 Sample Processing and Analysis

All soil samples were prepared as 1:5 soil-water extracts, and electrical conduc-
tivity was measured using a YSI EC300 instrument. Surface soil organic matter
content was determined by the potassium dichromate volumetric method, fol-
lowing standard soil agrochemical analysis procedures. Laboratory work was
completed at the Key Laboratory of Marine Sedimentology and Environmental
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Geology, State Oceanic Administration. Literature indicates a positive corre-
lation between soil salinity and extract electrical conductivity. To ensure data
accuracy, 48 randomly selected samples were measured for soil salinity using
the gravimetric method, establishing the conversion relationship:

Soil salinity (g/kg) = 0.056 X EC (mS/m) - 0.55 (r = 0.95, P < 0.05, n
= 48).

For remaining samples, salinity was calculated from measured EC values using
this equation.

3.3 Geostatistical Analysis Methods

This study employed geostatistical methods to analyze spatial variability of soil
salinity and organic matter. Geostatistics, based on regionalized variable theory
and using variograms as the primary tool, studies natural phenomena with both
random and structural characteristics in spatial distribution. The theoretical
model formula is:

2
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where y(h) is the variogram, h is the lag distance, Z(x;) and Z(x; + h) are
variable values at spatial positions z; and z; + h, and N(h) is the number of
point pairs at interval h.

3.4 Data Processing

Soil salinity and organic matter data were analyzed using SPSS 19.0. All data
were preprocessed and log-transformed to meet normal distribution require-
ments. Semivariogram calculations were performed in ArcGIS 9.3 geostatistical
analysis module to avoid proportional effects. Kriging interpolation was used
to generate spatial distribution maps of soil salinity and organic matter in the
reclaimed salt pan area.

4. Results
4.1 Distribution Characteristics of Soil Salinity and Organic Matter

Statistical characteristics of measured soil salinity and organic matter at differ-
ent depths are shown in . The two areas showed significant differences in soil
salinity and organic matter content. The maximum variation ranges reached
16.4 g/kg and 15.48 g/kg respectively. Mean salinity levels were high in both
areas, increasing with soil depth. Surface organic matter content was low, aver-
aging 4.37 g/kg in Area One and 3.66 g/kg in Area Two.
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Variation coefficients ranged from 32.79% to 83.83%, indicating moderate vari-
ability (10%-100%). Area One showed higher variation coefficients than Area
Two, suggesting more uniform distribution of salinity and organic matter in
Area Two. All data followed log-normal distributions.

4.2 Correlation Analysis of Soil Salinity and Organic Matter

Correlation analysis revealed highly significant negative correlations between
salinity and organic matter across all layers in both areas. The negative cor-
relation coefficient was most pronounced in the 0-30 cm layer. All soil layers
showed highly significant positive correlations with each other, indicating that
vertical salt movement connects each layer’ s salinity dynamics.

4.3 Spatial Variability Analysis of Soil Salinity and Organic Matter

Classical statistics only partially reflect sample populations and variability but
cannot quantify the randomness, structure, independence, and correlation of soil
properties. Geostatistical methods were therefore used to analyze spatial struc-
ture. Gaussian, exponential, and spherical models were fitted, with final models
selected based on higher determination coefficients (R2?) and lower residual sum
of squares (RSS).

The nugget-to-sill ratio (C /(C +C)) indicates spatial correlation degree: <25%
indicates strong spatial correlation, 25%-75% moderate, and >75% weak. All
layers showed ratios <25%, demonstrating strong spatial correlation. The min-
imum autocorrelation distance (range) was 0.44 km, exceeding the sampling
interval (0.16-0.18 km), confirming appropriate sampling design. Fractal dimen-
sion (D) values ranged from 1.776 to 1.993, indicating high spatial variability
caused by autocorrelation.

4.4 Spatial Interpolation Analysis

Kriging interpolation was used to visualize spatial distributions. In Area One,
soil salinity showed banded and patchy patterns, highest in the center and de-
creasing north-southward. Organic matter distribution was inverse: low in the
center and high in the north-south, particularly in the northwest and south-
east. In Area Two, salinity was lowest in the southeast, increasing toward
the northwest, while organic matter was highest in the southeast and lower
in central-northern regions. These patterns validated the correlation analysis
results.

5. Discussion

Research indicates that when high-salinity subsoil lies within the limit evapora-
tion depth, dissolved salts directly accumulate at the surface; when below this
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depth, salts increase upper soil salinity without surface accumulation. Our re-
sults show that despite years of reclamation, the Laizhou Bay salt pan area still
has high subsoil salinity with relatively lower surface salinity. Limited fresh-
water resources restrict drip irrigation to crop requirements only, preventing
leaching of deeper salts. Consequently, salinity increases with depth.

Area One’ s significantly higher salinity than Area Two reflects the influence of
reclamation duration—longer reclamation reduces salinity, consistent with other
studies on soil property changes under different reclamation years. Soil organic
matter, crucial for coordinating soil water, structure, and tilth, was extremely
low in both areas (Level 5 by national standards). This results from inherently
poor coastal soils and minimal fertilizer application during reclamation (525-
600 kg/hm?).

The strong spatial correlation (low nugget-to-sill ratios) indicates that struc-
tural factors (soil type, natural salinity) dominate over random factors (tillage,
amendments). Although reclamation measures have been implemented for years,
natural soil properties still outweigh anthropogenic influences. Kriging interpo-
lation smooths data, reducing abrupt spatial changes.

Topography explains distribution patterns: Area One’ s slightly lower central
elevation causes water and salt accumulation after irrigation, while Area Two’
s lower central-northern elevation concentrates salinity there. Organic matter
distribution inversely correlates with salinity, consistent with findings by Xie
Chengtao and Yang Qiyong. The reclaimed land’ s uneven microtopography
from incomplete leveling and low fertilizer rates contribute to this pattern.

Study area salinity (1-1.5 g/kg) exceeds surrounding farmland (0.5%-1.0%),
while organic matter is lower. Future management should increase leaching
intensity, irrigation frequency, and apply more organic fertilizer combined with
deep tillage to improve organic matter content.

6. Conclusion

1. Despite several years of reclamation, both areas maintain high soil salinity
across all layers, increasing with depth. Area Two’s salinity is significantly
lower than Area One’ s. Organic matter content remains very low in both
areas.

2. Variation coefficients of salinity and organic matter range from 32.79% to
83.83%, showing moderate horizontal variability. Area Two exhibits more
uniform distribution than Area One.

3. Soil salinity and organic matter are tightly linked, showing highly signif-
icant negative correlations across all layers, approximately following an
exponential relationship—high salinity zones correspond to low organic
matter.

chinarxiv.org/items/chinaxiv-201803.00271 Machine Translation


https://chinarxiv.org/items/chinaxiv-201803.00271

ChinaRxiv [$X]

4. Nugget-to-sill ratios range from 12.24% to 23.62%, indicating strong spa-
tial correlation. Organic matter shows stronger spatial autocorrelation
than salinity. Ranges exceed actual sampling intervals, reflecting ade-
quate spatial autocorrelation.

5. Salinity and surface organic matter show banded distributions. Area One’
s salinity is highest centrally, decreasing north-southward; Area Two’ s is
lowest in the southeast, increasing northwestward. Organic matter distri-
bution is inverse: Area One shows low center and high north-south; Area
Two shows highest southeast and lower central-north.
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