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Fractal dimension of particle‑size 
distribution and their relationships 
with alkalinity properties of soils 
in the western Songnen Plain, 
China
Yufeng Bai1,2, Yan Qin1,2, Xinrui Lu1, Jitao Zhang1, Guoshuang Chen1* & Xiujun Li1*

The purpose of this study was to identify the fractal dimension and their relationships with alkalinity 
properties of soils, and to evaluate the potential of fractal dimension as an indicator of alkalinity 
properties of soil. Six soils with an increasing salinity (electrical conductivity was 0.09, 0.18, 0.62, 0.78, 
1.57 and 1.99 dS  m−1, respectively) were selected from the western part of the Songnen Plain (China). 
Salt content, exchangeable sodium percentage, sodium adsorption ratio and other properties of the 
soils were determined and the soil particle‑size distribution (0–2000 μm) was measured using a laser 
diffraction particle size analyser. Our results show that the overall fractal dimension of the selected 
soils ranged from 2.35 to 2.60. A linear regression analysis showed a significant negative correlation 
between fractal dimension and the amount of coarse sand and fine sand (r =  − 0.5452, P < 0.05 and 
r =  − 0.8641, P < 0.01, respectively), and a significant positive correlation with silt and clay (r = 0.9726, 
P < 0.01 and r = 0.9526, P < 0.01, respectively). Thus, soils with higher silt and clay content have higher 
fractal dimension values. Strong linear relationships between fractal dimension and salt content 
(P < 0.05), in particular a very significant positive relationship with  HCO3

− (P < 0.01), also exist. It is 
therefore possible to conclude that a soil’s fractal dimension could serve as a potential indicator of soil 
alkalization and the variability in alkaline soil texture.

Fractal geometry theory has been used to describe natural bodies and phenomena displaying complicated shapes 
and self-similar  characteristics1,2. Soil is a porous medium with a varied particle-size distribution as well as 
having irregular shapes and a self-similar structure, hence displaying fractal  characteristics3,4. At present, sev-
eral researchers have explored different ways of analysing the fractal dimension of materials. Early work by 
 Turcotte2 found that fractal concepts can be used as a measure of the fragility of fragmented  material2. Tyler and 
 Wheatcraft4 and Yang et al.5 developed a mass-based distribution model to calculate the fractal dimension of 
particle-size distribution. Following this, researchers have studied features of the fractal dimension of different 
soils and found that fractal theory was a useful tool for describing the soil particle-size distribution (PSD) and 
 structure6,7. However, with more comprehensive studies, the hypothesis of the same density of soil particles with 
different sizes has been  questioned8,9. Based on previous research, Wang et al.9 developed a volume-based model 
to quantify the fractal dimension of PSD. The volume-based model has been widely used in particle size analysis, 
as the parameters and data required can be easily and accurately obtained using a laser particle-size analyser, 
thus allowing the assumption of the same density of soil particles of different sizes to be  avoided10. Yang et al.11 
compared the volume-based and mass-based models, and found the former underestimated the clay content. 
To date, fractal theory has been used to describe soil particle-size distribution, aggregate-size distribution, and 
pore-size  distribution12. Compared with traditional methods for characterizing soil particle-size distribution, 
fractal theory describes it well because it can characterize the local shape, size, structure and function of the 
material and any similarities between the part and the  whole10.

Fractal theory has been developed and widely used as a “bridge” for describing and quantifying the correlation 
between the distribution of soil particle-size and the physical and chemical attributes of soils. Several studies 
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have shown that the fractal dimension of the soil PSD was directly proportional to the silt and clay content, and 
inversely proportional to the sand  content7. Differences in soil particle-size distribution affects the soil’s bulk 
 density10,13, water  movement14–16, and soil  nutrients17,18. Thus, the fractal dimension of a soil has a close relation-
ship with these parameters. Su et al.19 studied the plough layer of croplands and found the contents of organic 
carbon and total nitrogen had a positive correlation with the soil’s fractal dimension. Ersanin et al.20 compared 
twenty-two soils with different textures and parent materials, where the results indicated that the relationship 
between fractal dimension and a soil’s specific surface area and cation exchange capacity can be well described 
by a second-degree polynomial regression model. Given fractal dimension is sensitive to property changes 
under natural conditions and anthropogenic activities, fractal dimension has been used as effective indicators 
of  desertification21,22, plant  invasion18, and vegetation  restoration23.

Alkaline soils represent one of the three salt-affected soil types (saline, sodic or alkaline soil and saline–alka-
line soil), which have an electrical conductivity found from a derived saturated paste extract (ECe) < 4 dS  m−1 
and sodium adsorption ratio (SAR) ≥ 1324. High pH and excessive exchangeable sodium are the most obvi-
ous attributes of alkaline  soils25. Under natural condition, the force that holds clay particles together is greatly 
decreased when clay particles with negative charges absorb excessive sodium  ions26,27. Then, when the soil gets 
dry, these dry particles are dispersed into individual clay particles and form dense layers which then block 
 pores28,29. This process weakens the aggregation of soil and causes structural collapse, leading to limited water 
and air flow through the soil. As demonstrated by Ding et al.30, the swelling strength in a  Mg2+ solution is much 
weaker than that in a  Na+ solution, and inversely much greater infiltrability values arise in  Mg2+ solutions than 
in  Na+ solutions. Apparently, sodium ions play a critical role in the swelling and dispersing of clay particles into 
smaller individual particles. While it has been found that there is a significant correlation between the fractal 
dimension and salt content and salt composition of  soils31,32, there has been little attention paid to alkaline soils, 
especially soils containing large amounts of sodium bicarbonate. It is therefore unclear whether there is a rela-
tionship between the dispersive sodium and fractal dimension.

The Songnen Plain is one of the world’s major saline–alkaline land  areas33. Soil salinization has become a criti-
cal factor, restricting the development of the regional economy and posing a major challenge to environmental 
 protection34. Determining the correlation between fractal dimension and alkalinity properties of soils would 
therefore be helpful in planning the optimal use of regional water and soil resources. Therefore, the objectives 
of this study were to: 1) determine the fractal dimension of soil with different degrees of alkalinity, 2) quantify 
the relationship between soil fractal dimension and soil properties, and 3) assess the potential of using fractal 
dimension as an indicator the properties of alkaline soil.

Materials and methods
Study area. The study area is located in the Saline–alkaline Wetland Ecological Experiment Station in the 
Western Songnen Plain in Northeast China (123° 08′ to 123° 21′ E and 44° 57′ to 45° 45′ N, Fig. 1). This region 
has an elevation of 110 m to 140 m a.s.l, where the terrain is a low flood plain, with slope gradients ranging from 
1/7000 to 1/10,000. It is located within a transition zone between semi-arid to semi-humid and has a continental 
monsoon climate. Annual rainfall is approximately 396 mm with 73% of it occurring between June and August. 
The average annual evaporation is 1817 mm, and the average temperature is 2–5 °C35. The study area is one of the 
three major salt-affected areas in the world, with the area of salt-affected soil being close to 3.42 × 106 hectares, 
representing approximately 19.7% of the plain’s total area. The salt composition is dominated by  NaHCO3 and 
 Na2CO3, and it is a typical alkaline  soil35. Salt-affected soils in the study area are divided into three categories: 
saline, sodic (alkaline) and saline-sodic meadow soils. Saline soil is mainly distributed around the low flood 
plain, which has a shallow groundwater level was 1.0–1.5 m. This saline soil shows a patchy distribution, and has 
an excessive soluble salt content ranging from 1 to 2% at the surface layer. Alkaline soil is distributed about the 
relatively high levels of the micro-topography, where the groundwater level is 1.5–2.0 m. The salt composition is 
dominated by sodium bicarbonate, with a pH of more than 9.0 and highly dispersed soil colloids. Saline-sodic 
meadow soil formed under the influence of micro-topography and is distributed in patches amongst saline and 
alkaline soils, with the groundwater level being more than 2.0 m below the surface. The zonal vegetation is domi-
nated by meadow plants, with the dominant species being Aneurolepidium Chinese and Chloris virgata. Azonal 
vegetation is mainly dominated by salt-tolerant plants such as Phragmites australics, Suaeda glauca and Puccinel‑
lia tenuiflora. The azonal vegetation presents a mosaic distribution amongst the zonal  vegetation34.

Sampling design and analysis. The distribution of plant communities is a function of the area’s climate 
and soil, therefore, different plant communities reflect the differences in their  environment36,37. In the case of this 
work, halophytes can reflect the degree of salinization and salt composition of an  area38,39. Several researchers 
have attempted to explain the vegetation distribution of the Songnen  Plain40,41. The distribution of plant com-
munities in saline–alkaline land is greatly affected by micro-topography, and different topographies often see 
the distinctive distribution of plant  communities34. For example, Suaeda glauca and Artemisia suaeda commu-
nities are distributed around depressions, where generally, Artemisia suaeda is found outside of the depression 
while Suaeda glauca is distributed within it. In the local depression or slightly watery alkaline spots, Pucinellia 
tennislora communities dominant. Halophytes, such as Suaeda glauca and Artemisia suaeda, grow on the alka-
line spots near lakes, while Aneurolepidium Chinese and weeds are mainly distributed across the flat terrain. 
Phragmites australis communities gradually increase in extent as the soil moisture increase, and sometimes the 
vegetation composition will transform from grassland formed by Aneurolepidium Chinese to marsh formed by 
Phragmites australis. In areas where alkaline spots are exposed to the surface, there is often a barren portion 
where the grass is bare. Some mounds that are far away from river channels, and are low in water content may be 
reclaimed as arable land and are mainly used to cultivate corn in this region.
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Six sampling sites (i.e., cropland (CL, disturbed by tillage and crops), Aneurolepidium Chinese (AC), Phrag‑
mites australis (PA), Chloris virgata (CH), Suaeda glauca (SG), and bare land made up of saline-sodic soil (BL)) 
were selected at study area in August 2019. As shown in Table 1, the order of the six sampling sites exhibited an 
increasing trend in salinization. Except for CL, all sites were naturally salt-affected soils without disturbance 
by tillage or grazing. Surface plant residue and stones were carefully removed, and three soil samples were 

Figure 1.  Map of region and study area. (a) Location map of China. (b) Location map of Songnen Plain, China. 
(c) Location map of the study area in Western Songnen Plain in Northeast China. This map was generated by 
ArcGIS 10.2 (http://www.arcgi s.com/featu res/index .html).

Table 1.  Physical and chemical properties of soil samples in different plant communities. ECe, ESP, SAR is 
electrical conductivity of saturated paste extract, exchangeable sodium percent, sodium adsorption ratio of 
saturated paste extract, respectively; SD is standard deviation, CV is coefficient of variation; CL, AC, PA, CH, 
SG, BL are different plant communities and stand for cropland, Aneurolepidium Chinese, Phragmites australics, 
Chloris virgata, Suaeda glauca, and bare land of saline-sodic soil, respectively; NS means normal soil, SS1–SS5 
stand for different degree of sodic soil. The value of soil property parameters expressed by average ± standard 
deviation (n = 3).

Soil 
properties

Different communities
Statistical 
parameter

CL AC PA CH SG BL SD CV/%

pH 8.68 ± 0.06 9.31 ± 0.19 9.90 ± 0.02 10.35 ± 0.17 10.23 ± 0.05 10.31 ± 0.02 0.67 6.85

ECe (dS/m) 0.09 ± 0.00 0.18 ± 0.03 0.62 ± 0.01 0.78 ± 0.01 1.99 ± 0.10 1.57 ± 0.04 0.76 87.33

ENa+ (mg 
 kg−1) 1.61 ± 0.09 4.83 ± 0.06 64.86 ± 5.17 83.03 ± 6.74 165.83 ± 9.94 150.88 ± 10.12 69.87 89.01

ESP (%) 1.09 ± 0.10 1.61 ± 0.05 28.01 ± 1.89 48.86 ± 6.11 49.88 ± 2.89 65.82 ± 3.58 26.98 82.91

SAR 1.24 ± 0.11 21.92 ± 1.36 26.16 ± 3.85 53.95 ± 1.33 115.71 ± 8.72 105.33 ± 4.81 46.97 86.90

Salt content 
(mg  kg−1) 569.67 ± 16.55 987.64 ± 20.03 10,328.51 ± 174.35 6367.49 ± 110.75 14,311.78 ± 143.93 8902.97 ± 109.56 5403.94 78.19

Salinity/
sodicity 
class

Normal soil Sodic soil Sodic soil Sodic soil Sodic soil Sodic soil – –

Soil code 
number NS SS1 SS2 SS3 SS4 SS5 – –

http://www.arcgis.com/features/index.html
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collected using a stainless-steel auger to a depth of 30 cm at each sampling site. All collected soils were placed 
in polyethylene bags and labelled. After air-drying at room temperature for approximately 20 days, the samples 
were sieved through a 2-mm sieve to remove coarse debris, roots and stones. A portion of each soil sample was 
used for determining the particle-size distribution (PSD) by a laser diffraction particle-size analyser (Malvern 
Instruments 2000, Malvern, England). The range of particle sizes that can be measured by this instrument is 
0.02–2000 μm, which provides a continuous volume percentage of particle sizes, with a repeat error of < 2%. Fol-
lowing the United States Department of Agriculture Soil Taxonomy, the particle sizes were classified into three 
grades, clay (< 2 μm), silt (2–50 μm) and sand (50–2000 μm). Then, in order to yield an appropriate number of 
data points per sample to allow the linear fitting of the fractal dimension in the next steps, the three grades are 
artificially subdivided into twenty-four sub-intervals making use of the Mastersizer 2000 software (Ver. 5.61, 
Malvern Instrument Ltd., England). These subdivisions are: 0–0.1, 0.1–0.5, 0.5–1.0, 1–2, 2–3, 3–4, 4–5, 5–6, 6–7, 
7–10, 10–20, 20–30, 30–50, 50–80, 80–100, 100–150, 150–200, 200–250, 250–300, 300–500, 500–800, 800–1000, 
1000–1500, and 1500–2000 μm.

The rest of the soil samples were used for determining their chemical properties. Soil pH was found by a 
pH meter (model: FiveEasy Plus in Mettler Toledo) for a slurry consisting of 1:5 (w/v) soil/distilled water. Soil 
electrical conductivity  (ECe) was determined by measuring the saturated paste  extract42. All soluble salt ions 
were measured in a 1:5 soil–water suspension. The total soluble carbonate  (CO3

2−) in soil, expressed as the 
 CaCO3-equivalent (CCE), was found by a rapid-titration method, and the bicarbonate  (HCO3

−) content were 
measured by the neutral titration  method42. The cation exchange capacity (CEC) was measured using sodium 
acetate (1 M NaOAc) at pH 8.243. Exchangeable  Na+  (ENa+) was determined by the  CaCO3–CO2 exchange neutral 
titration  method44. Soluble sodium ions  (Na+) and potassium ions  (K+) were measured using flame  photometry45, 
and the soluble calcium  (Ca2+) and magnesium  (Mg2+) were measured in the same extract by atomic absorption 
 spectrometry42. Chloridion  (Cl−) content was determined by titration of sliver nitrate, and sulfion  (SO4

2−) content 
was found by the barium sulfate turbid metric  method46. The total salt content (SC) was calculated as the sum of 
the measured cations and anions. Exchangeable sodium percentage (ESP) and sodium adsorption ratio (SAR) 
were calculated using measured soluble  cations47:

where ENa+ is the content of exchangeable sodium (mg  kg−1), CEC is the cation exchangeable capacity (mg  kg−1), 
and Na+, Ca2+ and Mg2+ are the concentrations (mg  kg−1) of these ions, respectively.

The selected soils were classified by the US Salinity Laboratory  Staff48 numerical criteria for salt-affected 
 soils48. Based on this scheme, a soil having a EC ≥ 4 dS  m−1 and SAR > 13 is categorized as a saline-sodic soil, those 
having a EC ≥ 4 dS  m−1 and SAR < 13 are defined as saline soils, and those with a EC < 4 dS  m−1 and SAR ≥ 13 are 
classed as sodic (or alkaline) soils.

Calculation of parameters of PSD. In this study, we used a volume-based model to calculate the fractal 
dimension (D) of  PSD9.

where r is the soil particle size (μm), Ri is the soil particle of some grade (μm), Vr<Ri is the cumulative volume of 
particle sizes less than Ri (%), VT is the sum volume of soil particles (%), Rmax is the maximum soil particle size 
(μm), and D is the fractal dimension.

Taking the logarithm of both sides in Eq. (3a), we derived Eq. (3b) below to solve for D. Scatter diagrams are 
produced, with the left side of Eq. (3b) being the y-axis and the right side the x-axis. We then used least-squares 
regression for linear fitting, where 3-D was equal to the slope of the fitted straight line. We can derive the D 
value from the Eq. (3c).

The fractal dimension therefore is a function of the PSD, and the soil particle grade will reflect the range of 
particle sizes and evaluate the soil grade is missing or continuous. The uniformity coefficient (Cu) and curvature 
coefficient (Cc) were then used for determining how well or poorly graded were the studied soils. These param-
eters are calculated according to the Unified Soil Classification System (USCS) described in ASTM D2487-11 
(2011)49:
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ENa+

CEC
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where d10, d30 and d60 are effective, median and constrained particle size (μm), respectively.
Cu describes the uniformity degree of soil particle-size composition. A soil having a Cu ≤ 5 is called a homog-

enous soil, meaning the composition of the soil particle size is singular and poorly graded. In contrast, a soil is 
inhomogeneous when Cu > 550. The higher the Cu value, the wider is the PSD. However, Cu exceeding a certain 
threshold means the possibility of a particle size of soil being missing, which is a discontinuous grade and must 
be judged in conjunction with Cc. Experience shows that when Cu > 5 and 1 < Cc < 3, then the soil is well graded; 
otherwise, it is poorly  graded50.

Statistical analysis. The statistical analyses were performed using the SPSS 19.0 statistic software package 
(SPSS, Inc., Chicago, IL, USA). A correlation analysis was applied to determine the correlation between fractal 
dimension and soil properties. Significant differences were evaluated at the 0.05 and 0.01 levels (two-tailed: 
significant at P < 0.05, very significant at P < 0.01). The figures were created using the Origin Pro 9.0 software 
(Origin Lab Inc., Northampton, MA, USA).

Results
Soil properties. The characteristics of the distribution of anions and cations and the statistics describing the 
selected soils’ properties are provided in Fig. 2 and Table 1. As shown in Fig. 2,  HCO3

− was the major anion in 
the study area, with percentages ranging from 46.87 to 66.71% and an average of 57.24%. This is followed by  Na+, 
whose content ranges from 1.35 to 24.03%, with an average of 14.68%, and  Ca2+, with a content ranging from 
6.97 to 15.63% and an average of 10.65%.  Cl− content was slightly less than  Ca2+, with an average of 8.33%. The 
average content of the other ions considered was  CO3

2− (4.02%) > Mg2+ (2.28%) > SO4
2− (1.68%) > K+ (1.11%). 

These results therefore indicate that sodium bicarbonate is the main salt component.
Table 1 shows that the selected soils have a pH ranging from 8.68 to 10.35, indicating were alkaline. Except 

for the ESP value for BL, which was greater than that for SG, the ECe,  ENa+, SAR and ESP values for the six 

(4)Cu =
d60

d10

(5)Cc =
d230

d60 × d10

Figure 2.  Salt content and percentage composition of salt ions in different plant communities. CL, AC, PA, 
CH, SG, BL are different plant communities and stand for cropland, Aneurolepidium Chinese, Phragmites 
australics, Chloris virgata, Suaeda glauca, and bare land of saline-sodic soil, respectively;  Na+,  K+,Ca2+,  Mg2+,  Cl−, 
 SO4

2−,  CO3
2−,  HCO3

− represent the percentage content of  Na+,  K+,  Ca2+,  Mg2+,  Cl−,  SO4
2−,  CO3

2−, and  HCO3
−, 

respectively.
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different sodic soils all display the same trend, where for each parameter value, CL < AC < PA < CH < BL < SG. 
In view of salt content, there were relatively low values for CL and AC (569.67 and 987.64 mg/kg, respectively), 
while the other four soils showed values ranging from 6367.49 to 14,311.78 mg/kg. The coefficient of variation 
(CV) represents the heterogeneity of the distribution of the soil properties. We note that the CV of CL is the low-
est (6.85%), a product of the low-variability between its soil properties, while CV for the other soil types ranged 
from 78.19 to 89.01%, hence representing a moderate level of variability.

The studied soils were therefore classified, following the scheme of the US Salinity Laboratory  Staff48, as being 
normal soils (cropland, coded as NS), and sodic soils (the soils of Aneurolepidium chinese, Phragmites australics, 
Chloris virgata, and the bare land of saline-sodic soil, coded as SS1, SS2, SS3, SS4, and SS5, respectively).

Fractal dimension of the particle‑size distribution. The PSD of six soils are shown in Table 2. The PSD for the dif-
ferent soils are similar, with fine sand being the most common particle, followed by silt, coarse sand and clay. The 
predominant soil particles were fine sand and silt, with percentages ranging from 49.48 to 77.78% and 10.66 to 
34.23%, respectively. The coarse sand and clay content were relatively low, ranging from 4.97 to 15.45% and 2.4 to 
10.68%, respectively. For clay, silt and sand, the soils’ ranks (following the classification outlined in the previous 
section) were SS4 > SS2 > SS5 > SS1 > SS3 > NS, SS3 > NS > SS1 > SS5 > SS2 > SS4, and NS > SS3 > SS1 > SS5 > SS4, 
respectively. These results showed that the sand content was very high and that the clay and silt contents were 
relatively low. According to the classification system of the United States Department of Agriculture, the selected 
soils correspond to four textural classes: NS was a typical fine sand, SS1 and SS3 were loamy fine sand, SS2 and 
SS5 were fine sandy loam, and SS4 was very fine sandy loam.

A linear regression analysis considering Eq. (3) was conducted, with lg(Ri/λv) as the x-axis and lg(Vr<Ri/
VT) as the y-axis, from which the fractal dimension of the PSD was calculated. As shown in Fig. 3, there was a 
strong correlation between lg(Ri/λv) and lg(Vr<Ri/VT), with correlation coefficients (r) greater than 0.9. Results for 
estimating the fractal dimension ranged from 2.35 to 2.60, with an average of 2.48. The lowest value of D (2.35) 
corresponded to the soil type NS, which had the highest sand content (86.94%), but the lowest clay (2.40%) and 
silt (10.66%). The highest D (2.60) was found in the soil SS4, which had the highest content of clay (10.68%) and 
silt (34.23%) of the studied soils.

For further analysis of the particle-size distribution, the Cu and Cc parameters (Eqs. 4 and 5) were used to 
determine whether the soil particle-size distribution was continuous. As shown in Table 2, Cu was between 5.87 
and 40.67, hence greater than 5. Cc ranged from 2.11 to 8.74, with the Cc values for NS and SS4 being less than 3. 
Overall, NS and SS4 satisfy the condition Cu > 5 and 1 < Cc < 3. Hence, the soils NS and SS4 are considered to be 
well graded, and the other soils poorly graded, based on their Cc values. However, if the Cu value is much greater 
than 5, it indicates that this soil is likely to be missing part of the particle-size distribution. This result can also 
be observed from the cumulative distribution curve of soil particle size, as shown in Fig. 4. We note that the NS 
curve gradually changed within the range of 0–2000 μm, while the other curves tended to be almost horizontal 
by the point when d was approximately equal to 500 μm. This means that the component of the soil with a size 
d > 500 μm was fairly small, and effectively missing in all soils, except for NS.

Relationship between particle‑size distribution and fractal dimension. A simple linear regression analysis was 
performed to establish the relationships between the inferred D of the PSD, and with sand, silt and clay content. 
As shown in Fig. 5, the D of the PSD showed a significant negative correlation with coarse sand (r =  − 0.5452, 
P < 0.05), a very significant negative correlation with the fine sand content (r =  − 0.8641, P < 0.01), and a very 
significant positive correlation with the silt and clay content (r = 0.9726, P < 0.01 and r = 0.9526, P < 0.01, respec-
tively).

Correlation between fractal dimension of soil and its properties. The correlation coefficients and significance 
between the D of the PSD and properties of the soils are listed in Table 3. The correlation analysis indicated that 
D has a significant positive correlation with the total salt content (SC) (P < 0.05) and a very significant positive 
correlation with  HCO3

− content (P < 0.01). Similarly, the SC and  HCO3
− contents displayed a significant negative 

Table 2.  Soil particle-size distribution in different plant communities. NS means normal soil, SS1, SS2, SS3, 
SS4, SS5 stand for different degree of sodic soil; Cu and Cc stand for uniformity coefficient and curvature 
coefficient, respectively. Soil particle percentage content expressed by average value ± standard deviation 
(n = 3).

Code

Soil particle size distribution/%

Soil textural class Cu Cc

Coarse sand/mm Fine sand/mm Silt/mm Clay/mm

2–0.25 0.25–0.05 0.05–0.002  < 0.002

NS 15.45 ± 0.47 71.49 ± 0.54 10.66 ± 0.15 2.40 ± 0.13 Fine sand 5.87 2.11

SS1 7.85 ± 0.25 68.65 ± 0.49 18.92 ± 0.22 4.58 ± 0.21 Loamy fine sand 16.64 4.99

SS2 8.96 ± 0.37 58.99 ± 1.03 24.09 ± 1.17 7.96 ± 0.82 Fine sandy loam 40.32 6.69

SS3 4.97 ± 0.14 77.78 ± 0.85 13.52 ± 0.35 3.73 ± 0.11 Loamy fine sand 9.09 3.35

SS4 5.61 ± .0.14 49.48 ± 0.52 34.23 ± 0.60 10.68 ± 0.32 Very fine sandy loam 40.67 2.99

SS5 7.79 ± 0.19 64.98 ± 0.41 21.23 ± 0.29 6.02 ± 0.10 Fine sandy loam 31.26 8.74
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Figure 3.  Relationship between lg(Ri/λv) and lg(Vr<Ri/VT) for different sodic soils. NS is normal soil, SS1, 
SS2, SS3, SS4, SS5 stand for different degree of sodic soil;  R2 is determination coefficient; D represents fractal 
dimension and equals to 3 minus the slope. “-a”, “-b”, and “-c” stand for three samples of each soil, respectively.

Figure 4.  Relationship between soil particle diameter and cumulative volume. NS is normal soil, SS1, SS2, SS3, 
SS4, and SS5 stand for different degree of sodic soil, respectively; “-a”, “-b”, and “-c” stand for three samples of 
each soil, respectively.
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Figure 5.  Relationship between fractal dimension and contents of soil particles. Coarse sand, fine sand, silt 
and clay is the coarse sand, fine sand, silt and clay content (%), respectively. Equation derived from the liner 
regression fitting; r is the correlation coefficient.

Table 3.  Correlation between soil fractal dimension (D) and soil properties. D stands for fractal dimension 
of particle size distribution;  ENa+, SC and CEC equal to exchangeable sodium, salt content and cation 
exchange capacity, respectively;  Na+,  ENa+,  Ca2+,  CO3

2−,  HCO3
−, SC and CEC stand for the  Na+,  ENa+,  Ca2+, 

 CO3
2−,  HCO3

−, SC, and CEC content, respectively; ESP and SAR is exchangeable sodium percent, sodium 
adsorption ratio of saturated paste extract, respectively; Sand, silt and clay is the sand, silt and clay content (%), 
respectively. **Means significant at the 0.01 level, * means significant at the 0.05 level.

Item D Na+/mg  kg−1
ENa+/cmol 
 kg−1

Ca2+/mg 
 kg−1

CO3
2−/mg 

 kg−1
HCO3

−/mg 
 kg−1 SC/mg  kg−1

CEC/cmol 
 kg−1 ESP/% SAR Sand/% Silt/% Clay/%

D 1 0.663 0.697 0.673 0.419 0.885** 0.872* 0.749 0.490 0.372  − 0.961** 0.952** 0.974**

Na+/mg  kg−1 1 0.937** 0.236 0.899** 0.669 0.858* 0.343 0.866* 0.861*  − 0.669 0.666 0.667

ENa+/cmol 
 kg−1 1 0.428 0.794* 0.750 0.890** 0.343 0.926** 0.681  − 0.663 0.650 0.691

Ca2+/mg  kg−1 1 0.074 0.867* 0.693 0.251 0.344  − 0.122  − 0.575 0.539 0.667

CO3
2−/mg 

 kg−1 1 0.483 0.685 0.018 0.885** 0.963**  − 0.354 0.351 0.363

HCO3
−/mg 

 kg−1 1 0.956** 0.417 0.625 0.343  − 0.825* 0.799* 0.886**

SC/mg  kg−1 1 0.424 0.771* 0.572  − 0.836* 0.817* 0.878**

CEC/cmol 
 kg−1 1 0.063 0.083  − 0.815 0.834 0.854

ESP/% 1 0.743  − 0.392 0.375 0.345

SAR 1  − 0.344 0.350 0.322
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correlation with sand content (P < 0.05), and a significant positive correlation with the silt (P < 0.05) and clay 
contents (P < 0.01). However, for all studied soil samples, there was no clear correlation between D and the other 
chemical parameters considered, such as  Na+,  ENa+, ESP and CEC.

Discussion
The fractal dimension of particle‑size distribution. Soil PSD is a basic fundamental physical param-
eter and is commonly used for classifying and judging soil  texture51. Previous studies have shown that the fractal 
dimension of debris flow and glacial material is approximately 2.6, and that of river and lake sediments is gen-
erally less than 2.652. The fractal dimension of soils with finer textures and abundant nutrients typically ranges 
from 2.60 to 2.80, and those with coarse sand and poor structure range from 1.83 to 2.6453. In this study, the 
samples were collected from a flood plain, and had a fractal dimension ranging from 2.35 to 2.61, with an aver-
age of 2.48. Hence, our results are in line with previous findings. Furthermore, Liu X et al. (2009) reported that 
the fractal dimension of well-structured soils is approximately 2.7554. However, since the sampled soils in this 
study had fractal dimension of less than 2.75, this suggests they have poor structure and are missing part of 
particle-size composition. This can be confirmed from Fig. 4, which shows that for most samples, the cumulative 
volume reaches approximately 98% when the soil particle diameter reaches 500 μm, with the cumulative volume 
of particle diameters between 500 and 2000 μm accounting for only 2%. The cumulative volume of the particle 
sizes ranging between 50 and 250 μm accounted for 49.48 to 77.78%, indicated fine sand with a majority, hence 
leading to a coarse texture and poor structure, which are not conducive to soil water and nutrients conservation.

Fractal dimension reflected a significant correlation with alkaline soil particle-size distribution. Here, fractal 
dimension showed a very significant negative correlation with sand content (P < 0.01), and a significant posi-
tive correlation with silt and clay content (P < 0.01). Zhu et al.55 investigated the influence of adding fly ash and 
montmorillonite-enriched sandstone on the particle-size distribution in a alkaline soil with loamy fine sandy 
texture, and the results indicated that the fractal theory could be used to quantify the relationships between fractal 
dimension and particle-size distribution in amended soil. Our results confirmed that the fractal dimension of 
the PSD increases as the particle size becomes finer. Several previous studies of soils not affected by salt and our 
study in alkaline soils have revealed the consistent correlation between fractal dimension and the particle-size 
 distribution7,18. For example, the negative correlation between sand content and fractal dimension indicates 
that the fractal dimension would decrease as the sand content increased. Such correlations suggest that fractal 
dimension has the potential to be a useful tool for simulating and characterizing the PSD of the  soils7.

Fractal dimension and soil properties. Considering non-saline and non-alkaline soils, numerous stud-
ies have shown that there are significant statistical correlations between the fractal dimension of the PSD of soils, 
and their physicochemical  properties51. Considering the analysis of the relationships between fractal dimension 
and alkalinity properties of soils carried out in this work, our results indicate that the fractal dimension showed a 
significant positive correlation with salt content (P < 0.05), and a significant positive correlation with the  HCO3

− 
(P < 0.01). While the study area in this work was located at a transition zone between semi-arid to semi-humid 
environments with the salt component dominated by bicarbonate and carbonate, Zhao et al.32 considered an arid 
zone whose salt content was mainly comprised of sulfate and chloride. They also found fractal dimension and 
salt content were positively correlated, and in agreement with our results, determined that the fractal dimension 
increased with fine particle content, but decreased with increasing coarse particles content. Hu et al.56 consid-
ered an arid mulched drip irrigation system, and determined that the soil PSD dominated the soil water and salt 
distribution, especially the surface soil salt content and the deep soil water content.

However, alternate results have also been presented in the literature. For example, Gui et al.31, who inves-
tigated the vegetation and soil conditions from elevations of 1960 to 4070 m on the north slope of the Kunlun 
Mountains, China, found that the fractal dimension was negatively correlated with total salt content. As described 
by Gui et al.31, the soil fine fractions increased gradually with increasing elevation. Therefore, we inferred that 
soil salt is mainly concentrated in the coarse particles and this is likely to have a close relationship with the soil’s 
parent material. Nonetheless, overall, the fractal dimension has been seen to have a close relationship with soil 
salt content. However, no significant correlation was been found between fractal dimension and exchangeable 
 Na+ in this study.

In this study, salt content and  HCO3
− increased with the increasing fine particle content (clay and silt particles) 

and decreased with increasing sand contents. That is, salt content and  HCO3
− content were inversely proportional 

to the particle size. In a chloride–sulfate and sulfate soil, Zhao et al.32 similarly showed that both the content of 
 HCO3

− and  SO4
2− show a positive correlation with clay and silt content, and a negative correlation with sand 

content at different soil  depths32. Other studies have shown that soil nutrients and metal ions tend to be aggre-
gated with fine particles (silt and clay) rather than with coarser  material57,58. Hence, when fine particle content 
is higher, the greater is the specific surface area and thus the stronger the  adsorption59. However, no significant 
correlation has been found between exchangeable  Na+,  Ca2+ and particle-size distribution in this study.

Conclusions
The results of this work have found that the fractal dimension of the particle-size distribution of the studied soils 
have a close relationship with alkalinity properties of soils and soil texture. A significant negative correlation was 
observed between the fractal dimension and both coarse sand (P < 0.05) and fine sand content (P < 0.01), and a 
positive correlation between fractal dimension and silt (P < 0.01) and clay content (P < 0.01). In other words, there 
is an increase in the fractal dimension as the soil texture changes from coarse to fine. Salt content, particularly 
 HCO3

− content, was inversely proportional to soil particle size. A correlation analysis showed that the typical 
characteristics of alkaline soil, such as the  Na+,  ENa+ and  Ca2+ content, had no obvious relationship with fractal 
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dimension. However, a significant positive relationship was shown between fractal dimension and salt content 
(P < 0.05), and in particular, a very significant positive correlation with  HCO3

− content (P < 0.01). Our results 
therefore indicate that the fractal dimension of soil can be used as an indicator of its alkalinity and texture.

Received: 3 July 2020; Accepted: 6 November 2020
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