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Abstract

:

Soil particle-size distribution (PSD) is an important soil feature that is associated with soil erosion, soil fertility, and soil physical and chemical properties. However, very few studies have been carried out to investigate soil degradation using the fractal dimension (D) of the PSD of soils from different land-use types in the calcareous soil of Iran. For this study, 120 soil samples (0–20 cm) were collected from different land-use types in the Fars Province, and various basic soil properties such as soil organic matter (SOM), soil texture fractions, calcium carbonate (CaCO3), pH, and cation-exchange capacity (CEC) were measured. The PSD of the soil samples was determined using the international classification system for soil size fraction, and the D of the PSD was calculated for all soils. The results of this study show that D is significantly correlated with clay content (r = 0.93) followed by sand content (r = −0.54) and CEC (r = 0.51). The mean D values of the forest areas (D = 2.931), with a SOM content of 2.1%, are significantly higher than those of the agricultural land (D = 2.905 and SOM = 1.6%) and pastures (D = 2.910 and SOM = 1.6%), indicating that fine soil particles, particularly clay, have been preserved in forest soils but lost in agricultural and pasture soils. We conclude that agricultural land has experienced significantly higher levels of soil erosion than forest areas.
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1. Introduction


Soil particle-size distribution (PSD) is considered an important physical property of soil that influences many other soil properties including soil fertility and productivity, hydraulic properties of the soil surface, and soil erosion [1,2]. In other words, the PSD is a key indicator for evaluating physical soil functions [3]. It can be used for modeling the water, heat, and solute in soil in order to predict the geographical distribution of soil characteristics [4,5]. Fractal geometry theory has been used to describe natural bodies and phenomena displaying complicated shapes and self-similar characteristics. This theory is a common method to illustrate systems with self-similarity and non-characteristic scales. Soil is a porous medium with a varied particle-size distribution and has irregular shapes and a self-similar structure, hence displaying fractal characteristics. In recent decades, the utilization of the fractal dimension (D) has been receiving increasing attention worldwide for describing soil PSD, soil dynamics, and soil physical processes, because it can help indicate the structure and size dimension of particles in a soil system [6]. Tyler and Wheatcraft [7] derived an accurate mass-based distribution model to predict the PSD fractal dimensions and explained the limitations of the fractal concept and its applications to soil PSD. The fractal dimension has been evaluated for identifying soil hydraulic properties, sometimes coupled with remote sensing and image processing, as well as conducting mathematical analyses of soil properties [5,8,9,10,11]. In addition, the D has been evaluated as an indicator of land degradation and soil sensitivity to erosion factors [12,13,14], soil salinity, soil alkalinity, and solute transport in soils [5,15,16,17]. D has also been widely used for identifying organic carbon storage and soil structure [13,18,19,20,21,22], indicating soil nutrient content [4,15,23] and evaluating spatial and temporal variation in soil moisture and soil evapotranspiration [22]. Despite extensive research on soil properties linked to D, few studies have been conducted on the influence of D on different types of land use. Peng et al. [2] report that D is greatly influenced by land-use types; the highest D value was for grass cover, which coincided with soils that had a high silt content in the Delta of the Yellow River located in China. Deng et al. [3] noted that a hilly mountainous region, located in southern China, showed that the D value was the highest in orchards when compared to other land uses. Qi et al. [24] reported that oak forestland had the highest D value followed by shrub-grass sloping land.



The Fars Province is an important agricultural area in Iran that provides strategic agricultural production, especially wheat, rice, maize, and sugar beets. However, in this part of Iran, desertification has been accelerating because of land-use change over the past three decades. To the best of our knowledge, there is no existing research that examines the influence of different land-use types on changes in the D in soil PSD, which can be considered an indication of soil degradation in the calcareous soils of Iran. Hence, the aims of this study are to (1) evaluate the fractal dimension of PSD in the calcareous soils located in Fars Province south of Iran, and (2) investigate the influence of different patterns of land use on the fractal dimension of PSD in calcareous soils.




2. Material and Methods


2.1. Study Area


Fars Province is located in southern Iran, between 27°2′ and 31°42′ latitude and 50°42′ and 55°36′ longitude, and covers an approximate area of 133,299 km2 (Figure 1a). About 5 million people reside in this province and work primarily in agriculture and livestock farming. It has been identified that there are thirty critical centers of water and wind erosion across the Fars Province, including some dried lakes acting as a potential source of dust, which contains both salt and chemical pollutants. These dusts are scattered by wind erosion. Due to the climatic conditions, wind and water erosion are experienced throughout most parts of this province. In addition, this province is one of the main agricultural regions for the production of strategic food products such as wheat, rice, and maize.



The climate in this province varies from arid to semi-arid according to the De Marten aridity index. Most rainfall occurs between December and March during the winter and spring seasons (Figure 1b). The central regions of the Fars Province receive relatively more precipitation, with an average annual rainfall of 443 mm; mild winters; and hot dry summers. Temperatures across the study site vary from 28 °C in June to 8 °C in January with a mean annual temperature of 14 °C. The higher temperatures were observed from June to July (the summer months) and the lower temperatures from December to February (the winter months). Common soil orders found in the studied area are Inceptisols, Entisols, and Aridisols, which are enriched by calcareous materials as defined by the USDA Soil Taxonomy (USDA, 2010). The maximum recorded wind speeds vary from 30 m s−1 (at 10 m height) in the north to 45 m s−1 (at 10 m height) in the center of the study site. The forest and pasture land uses have experienced some human activity. The principal tree species found in the Fars Province’s forests, which cover 18% of the area, are mountain spruce, pistachio, and oak. A large part of the Fars Province is under rangeland use, with astragalus, camel thorn, coma, and safflower grass being the main dominant rangeland species. Maize, rice, wheat, potato, and tomato are the primary crops grown in the Fars Province using conventional tillage practices.




2.2. Soil Sampling and Analysis


In the study area, 120 soil samples were collected from three different land uses, including agriculture (40 samples), pasture (40 samples), and woodland (40 samples).



The collected soil samples were air-dried in laboratory conditions. The air-dried soil was then sieved, and a physiochemical analysis was carried out. The soil organic matter (SOM), CaCO3, EC, and pH were determined using standard methods including the Walkley–Black method [25], titration with HCL 1 mol. [25], a portable EC meter, and a portable pH meter, respectively.



Soil particle-size distribution (PSD) was determined using the method described by Gee and Bauder [26]. With 50 g of sampled soil, organic carbon was removed by inserting a H2O2 solution (30%). The sodium hexametaphosphate solution (5%) and an electrical shaker were used to disperse the sampled soils both chemically and mechanically, respectively. The mass fractions of the particles smaller than 0.05 mm in diameter were determined using the sedimentation method (hydrometer in a model of ASTM 152H), and the suspension density was measured at 7 times: 2, 5, 10, 60, 180, 360, and 1440 min [26]. Finally, the measured temperatures and hydrometer readings were used to calculate the particle-size fractions, as follows:


   R C  =  R r  − C +   0.36     (  T − 20  )   



(1)






   P  <   D   =  (     R  C − D      m s     )  × 100  



(2)




where RC and Rr represent the corrected and uncorrected hydrometer readings, respectively. The C shows the hydrometer reading when using sodium hexametaphosphate solution (5.5 for this study). T represents the temperature in degrees (°C) at each hydrometer sample time. The mass of air-dried soils is indicated with ms. RC-D and P< D represent the corrected hydrometer reading for the falling time of particles with a smaller diameter than D and their percentage found within a sample, respectively. For each hydrometer reading, the falling height was determined following Gee and Bauder [26]:


  x = − 0.164      R   r   + 16.3   



(3)




where x represents the height of falling (L). Next, Stock’s law Equations (4) and (5) were used to calculate the radius of the particles at the specific time of each hydrometer reading as follows:


  V =   2   g    r 2   (   d P  −  d F   )    9   η    



(4)






  V =  x t   



(5)




where V, r, g, dF, dP, η, t, and x are the velocity of particles falling in fluid (L T−1), the radius of particle (L), gravity acceleration (L T−2), the density of fluid (W L−3), the density of particles (W L−3), the viscosity of fluid (W L−1 T−1), the time needed for the particle to fall from a height of x, and height of falling (L), respectively. The fractions of sand measured using the sieve method with diameters of 1, 0.5, 0.15, and 0.05 mm were applied using the wet-sieving method.




2.3. Fractal Dimension


The fractal dimension was determined as shown by Equation (6) [7]:


     M  < x      M T    =    (   x   x  max      )    3 − D    



(6)




where M<x represents the cumulative mass, which is <x, MT shows the total mass of soil, D refers to the fractal dimension of the soil PSD, and xmax indicates the maximum particle size. Regression methods, including both linear and non-linear methods, can be used to determine D. In this study, a linear regression was used. Applying an Ln (natural logarithm) to Equation (6) gives Equation (7):


  L n  (     M  < x      M T     )  =    (  3 − D  )     L n  ( x )  − a  



(7)






  a =    (  3 − D  )     L n  (   x  max    )   



(8)




where a is a constant value for each soil. To calculate the D value,   L n  (     M  < x      M T     )    was plotted against   L n  ( x )   . The STATISTICA 8 software (StatSoft, 2011) was used for all statistical analyses in this study.





3. Results and Discussion


3.1. Description of Soil Properties


Table 1 shows the summary statistics for the measured soil properties. The mean pH > 7.5 indicates that most soils in this study were alkaline due to the high amount of CaCO3 in the sampled soils (mean of CaCO3 = 23.5 %, Table 1). The measured SOM values ranged from 0.3 to 5.4% with a mean of 1.7% (Table 1). The data shows a wide variation in the different soil particles sizes: clay (8.1–61.5 %), sand (1.7–67.3 %), and silt (21.4–77.3 %).



Figure 2 shows the soil texture classes for the different land uses. Soil texture classes are mainly silty clay, silty clay loam, and silt loam in forest land use; silty clay loam, silt loam, and loam in pasture land use; and silty clay, silty clay loam, silt loam, loam, and sandy loam in agricultural lands. The highest variability (CV = 83.6%) was calculated for sand, closely followed by CaCO3 content (CV = 61.4%), whereas pH had the lowest variability (CV = 3.6%), followed by silt with CV = 18.5% (Table 1). For this, Xu et al. [27] suggested a classification of soil properties with a low variability (CV < 10%) and high variability (CV > 90%). All soil properties showed a moderate variability except pH (Table 1). The D ranged from 2.851 to 2.690 with a mean of 2.916, which, for calcareous soils in Iran, is consistent with the results of Mahdi and Ghaleno [10], Omidvar [11], and Mohamadi et al. [1].



Pearson’s correlation coefficient (r) was calculated for D and the measured soil properties, which values are presented in Table 2. Soil pH is significantly positively correlated with CaCO3 content (r = 0.76, p < 0.01), which is linked to the main soil type in the study region being chalky with a high lime content [28]. Soil clay content is positively correlated with the measured SOM (r = 0.40, p < 0.05) and CEC (r = 0.52, p < 0.05), which is consistent with the findings of Ostovari et al. [29] and Ostovari et al. [30].



Clay particles and SOM have a high specific surface area that can absorb soil cations, resulting in an increase in soil CEC, fine root dynamics and biomass production, and nitrogen and carbon storage [31]. In addition, there is a significant positive correlation between the content of SOM and CaCO3 (r = 0.49, p < 0.05). Ostovari et al. [32] reported that a positive correlation (0.36) exists between the content of CaCO3 and SOM. CaCO3 plays an important role in soil, making more stable and bigger aggregates due to having large amounts of Ca2+ that act as a binding agent for the flocculation of soil minerals, resulting in an increase in clay content and the D of soil PSD. For all of the soil properties, the correlation between clay and the D of soil PSD (r = 0.93, p < 0.01) is the highest, followed by the CEC (r = 0.51, p < 0.05) and SOM (r = 0.43, p < 0.05), which accords with Fu et al. [13] who reported a significant correlation of 0.89 between clay and the D of soil PSD. However, the D of soil PSD has a significant negative relationship with sand (r = −0.54, p < 0.05) and silt (r = −0.26, p < 0.05) content, which is in the line with Fu et al. [13], who showed a significant negative correlation of −0.84 between sand and the D of soil PSD.




3.2. Fractal Dimension and Soil Properties


The calculated D factor is an appropriate and sensitive index to quantify changes in soil properties [33]. Several relationships, both linear and non-linear, between soil properties and D have been discovered [14]. The relationship between different soil properties and the D of soil PSD is plotted in Figure 3. Increasing the clay content increases the D of soil PSD (Figure 3a). The non-linear (logarithmic) regression model with R2 = 0.88 accurately explains the relationship between clay content and D. Many studies [1,3,11,14] have shown a strong positive relationship between clay and D. In contrast to clay content, both silt and sand content show a negative relationship with the fractal dimension of soil PSD (Figure 3b,c).



The clay particles constitute the reactive fractions of the soil, whereas the sand and silt are relatively inert [34]. However, the relationship of silt content with the D of soil PSD is not significant (R2 = 0.06), while sand content has a strong negative, but slightly non-linear, relationship with the D of soil PSD (R2 = 0.30) compared to the linear relationship (R2 = 0.29). Similarly, Su et al. [14], Zhao et al. [35], Zhao et al. [5], Deng et al. [3], Li et al. [20] and Omidvar [11] all demonstrated a negative relationship between D of soil PSD values and sand content. Unlike our results, Deng et al. [3] and Peng et al. [2] reported a positive relationship between silt content and the D of soil PSD. SOM content also shows a positive non-linear relationship with the D of soil PSD (R2 = 0.32) while there is no clear relationship between CaCO3 and the D of soil PSD (Figure 3d); however, as previously mentioned, CaCO3 was positively correlated with SOM (r = 0.26, Table 2). The D of soil PSD increased with increasing CEC and SOM, but in non-linear (R2 = 0.32) and linear relationships (R2 = 0.17), respectively.




3.3. Fractal Dimension and Land Use


Silty clay loam had the highest cumulative fraction among the six different textural classes followed by silt loam and silty clay loam (Figure 4a). The sandy loam soil class had the lowest cumulative soil fraction. It seems that classes with higher fine particles, including fine silt and clay, have a higher cumulative fraction. Moreover, according to Figure 4b, forest soils have the highest cumulative fraction when compared to agricultural land and pasture which may indicate a higher clay content in forest soils, resulting in an increased D. In addition, as shown in Figure 5, forest soils have higher clay and lower sand content when compared with the other two land uses, indicating lower land degradation in forestland. The findings of the results indicate that, in the forest soil, a higher clay and sand content leads to a lower and higher fractal dimension, respectively. The results are consistent with the results of previous studies by Song et al. [33] and Deng et al. [3].



In the rill and inter-rill erosion of agricultural land, clay mostly accounts for the largest part of the lost materials. Decreasing clay content can show the severity of soil erosion, which also decreases the D of soil PSD. Hence, D can be used as an indicator of the rate of soil erosion in the study area and can be applied as an index for measuring the rate of soil loss, particularly surface soil erosion. Furthermore, to support this idea, forest soils were found to be mainly fine textured classes such as silty clay and silty clay loam (Figure 2). These results show that the clay content influences D, but it also influences the maximum size of the soil particles. These findings are similar to results reported in China by Li et al. [20], Yu et al. [21], and Chen et al. [36]. Additionally, different fertilization methods and the residuals of vegetation contribute to the formation of humus in agricultural lands during the planting process and terrestrial heat flow, which decreases both the clay content and changes the soil PSD [3].



The fractal dimension (D) of the soil particle size for different land-use types is presented in Figure 6. In this study, the D of soil PSD ranges greatly across the three land-use types. The mean D value in the forest (D = 2.931) is significantly higher than that of agricultural land (D = 2.905) and the pasture (D = 2.910); however, there is no significant difference between agricultural land and pasture. When the D is higher, the clay content is found to be higher (a larger surface area), resulting in a stronger bond between particles and bigger soil aggregates, and more nutrients are observed [37]. As shown in Figure 5, forestland has the highest clay content compared with the two other land uses, indicating a lower land degradation potential (a higher D) in forest relative to agriculture and pasture land uses. Figure 6 shows that the soil organic matter in the forest soils is also significantly higher than that found in the agricultural land and pasture; however, there is no significant difference found between pasture and agricultural lands.



As previously mentioned, SOM has a specific surface area that can hold clay particles on the surface, resulting in a decrease in soil erosion, protecting the clay content and increasing the fractal dimension of soil PSD (D). The SOM can be an indicator of soil quality that reflects soil fertility and soil nutrients and is an important property for assessing different land-use patterns [2]. Furthermore, D can be used to show the potential value of soils in agricultural lands. The D increases as fine soil particles such as silt and clay increase in arable lands, whereas the D remains low in forests and pastures. It indicates that agricultural land is more sensitive to fine particles. Soil particle size may be an indicator of the ability of soil to maintain nutrient elements. The fine particles have many nutrients required for plant growth, which can be slowly released for plant consumption. A significant positive correlation between D and SOM implies that the finer soil particles can enhance the binding power of SOM, which is a principal indicator of soil quality [20].





4. Conclusions


This research was conducted to study the effect of different types of land use on the fractal dimension of soil particle size distribution (D) in the Fars Province, Iran. Our results show that clay content had the strongest correlation (r = 0.93) with the D of soil PSD followed by sand content with r = −0.54 and CEC with r = 0.51. In addition, it was found that soil organic matter content played a significant role in soil aggregate size and stability and had a major influence on soil PSD, and, subsequently, on the fractal dimension of the soil particle size. The results also reveal that forestlands with the largest amount of SOM content had the highest fractal dimension (D = 2.931) when compared with agricultural land (D = 2.905) and pastures (D = 2.910). We concluded that soil particles, particularly fine particles, are noticeably influenced by land use, as forests with the lowest disturbance and the highest soil organic matter had the highest D and the lowest land degradation compared with pastures and agricultural lands.
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Figure 1. Location of the Fars Province in Iran (a) and average monthly precipitation and temperature of the Fars Province (b). 
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Figure 2. Soil textural classes of the soil samples under different land uses. 
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Figure 3. Relationship between fractal dimension (D) and soil properties, (a) clay (%), (b) silt (%), (c) sand (%), (d) CaCO3 (%), (e) CEC (meq/100g) and (f) SOM (%). 
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Figure 4. Log-long plots for PSD of sampled soils, (a) soil texture, (b) land type. 
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Figure 5. Soil particles in different land uses. 
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Figure 6. The fractal dimension of soil particle size (D) and soil organic matter (SOM) in different types of land use. 
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Table 1. Soil property summary statistics (n = 120).
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Land Use

	
Property

	
Unit

	
Mean

	
Minimum

	
Maximum

	
Std. Dev.

	
Coef. Var.






	
Agriculture

	
pH

	

	
7.35

	
8.48

	
7.79

	
0.29

	
3.71




	
SOM

	
%

	
0.28

	
3.96

	
1.63

	
1.00

	
61.47




	
CEC

	
Meq/100 g

	
15.30

	
43.69

	
30.48

	
7.69

	
25.22




	
CaCO3

	
%

	
3.51

	
62.27

	
29.56

	
13.96

	
47.22




	
Sand

	
%

	
2.50

	
67.32

	
23.12

	
16.77

	
72.55




	
Clay

	
%

	
8.06

	
50.38

	
23.01

	
10.80

	
46.95




	
Silt

	
%

	
21.40

	
73.41

	
53.88

	
12.92

	
23.98




	
D

	

	
2.85

	
2.96

	
2.91

	
0.02

	
0.84




	
Pasture

	
pH

	

	
7.20

	
8.11

	
7.73

	
0.24

	
3.15




	
SOM

	
%

	
0.23

	
4.38

	
1.58

	
1.03

	
65.28




	
CEC

	
Meq/100 g

	
16.24

	
43.30

	
23.81

	
4.93

	
20.72




	
CaCO3

	
%

	
1.03

	
58.59

	
22.75

	
13.91

	
61.14




	
Sand

	
%

	
1.66

	
52.18

	
14.71

	
12.30

	
83.60




	
Clay

	
%

	
11.08

	
61.46

	
27.81

	
10.39

	
37.35




	
Silt

	
%

	
36.74

	
77.29

	
57.48

	
9.25

	
16.08




	
D

	

	
2.86

	
2.97

	
2.91

	
0.02

	
0.82




	
Forest

	
pH

	

	
7.08

	
7.88

	
7.48

	
0.19

	
2.52




	
SOM

	
%

	
1.02

	
3.73

	
2.00

	
0.62

	
31.13




	
CEC

	
Meq/100 g

	
22.22

	
52.00

	
34.17

	
8.58

	
25.12




	
CaCO3

	
%

	
2.07

	
67.43

	
18.34

	
15.00

	
81.79




	
Sand

	
%

	
2.98

	
20.52

	
10.42

	
4.65

	
44.62




	
Clay

	
%

	
19.14

	
46.35

	
34.81

	
6.80

	
19.53




	
Silt

	
%

	
38.95

	
71.32

	
54.77

	
7.27

	
13.27




	
D

	

	
2.88

	
2.95

	
2.93

	
0.01

	
0.44
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Table 2. Correlation coefficient matrix for soil properties in the study region.
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	pH
	SOM
	CEC
	CaCO3
	Sand
	Clay
	Silt





	SOM
	−0.11
	1.00
	
	
	
	
	



	CEC
	−0.26 *
	0.55 *
	1.00
	
	
	
	



	CaCO3
	0.76 *
	0.16
	−0.25 *
	1.00
	
	
	



	Sand
	0.22 *
	−0.32 *
	−0.27 *
	0.22 *
	1.00
	
	



	Clay
	−0.17
	0.40 *
	0.52 *
	0.22 *
	−0.66 *
	1.00
	



	Silt
	−0.11
	−0.00
	−0.18
	−0.06
	−0.62 *
	−0.18
	1.00



	D
	−0.16
	0.43 *
	0.51 *
	−0.20 *
	−0.54 *
	0.93 *
	−0.26 *







* significant at 95% level.
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