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ABSTRACT

Quantitative assessment of soil physical quality is of great importance for
eco-environmental pollution and soil quality studies. In this paper, based on the S-theory,
data from 16 collection sites in the Haihe River Basin in northern China were used, and
the effects of soil particle size distribution and bulk density on three important indices of
the S-theory were investigated on a regional scale. The relationships between unsaturated
hydraulic conductivity K; at the inflection point and S values (S/h;) were also studied using
two different types of fitting equations. The results showed that the polynomial equation
was better than the linear equation for describing the relationships between -log K; and -log
S, and -log K; and -log (S/h;)% and clay content was the most important factor affecting the
soil physical quality index (S). The variation in the S index according to soil clay content
was able to be fitted using a double-linear-line approach, with decrease in the S index being
much faster for clay content less than 20 %. In contrast, the bulk density index was found
to be less important than clay content. The average S index was 0.077, indicating that soil
physical quality in the Haihe River Basin was good.

Keywords: friability, hard-setting, S index, soil water retention curve.

RESUMO: AVALIACAO QUANTITATIVA DA QUALIDADE FISICA DO SOLO NO NORTE
DA CHINA, COM BASE NA TEORIA S

A avaliagdo quantitativa da qualidade fisica do solo é de grande importancia para a polui¢do
ambiental e qualidade do solo. Neste trabalho, com base na teoria S, dados de 16 locais da bacia do
rio Haihe, China, foram usados para investigar os efeitos do teor de argila e da densidade do solo em
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trés importantes indices da teoria S em escala regional. As relagées entre a condutividade hidrdulica
ndo saturada Ki no ponto de inflexdo e o valor de S (S/hi) foram também estudados, usando dois tipos
diferentes de equagées. Os resultados evidenciaram que a equagdo polinomial foi melhor que a linear para
descrever as relagées entre -log Ki e -log S; e -log Ki e -log (S/h;)?, e o teor de argila foi mais importante
em influenciar o indice de qualidade do solo (S). A variagdo do indice S com base no teor de argila foi
adequado para ajuste usando uma linha linear dupla, com o decréscimo no indice S muito mais rapido
para teor de argila menor que 20 %. A densidade do solo, entretanto, foi o indice de menor importéancia
comparativamente ao teor de argila. O indice S médio foi 0,077, indicando que a qualidade fisica do solo

da bacia do rio Haihe estava boa.

Palavras-chave: friabilidade, rigidez, qualidade fisica do solo, curva de reten¢do de dgua.

INTRODUCTION

The Haihe River Basin is a very important
industrial center for China, and produces about 10 %
of the country’s total grain output. People living
in this basin account for 10 % of the total Chinese
population (Weng et al., 2010). Climate change and
human activities cause severe eco-environmental
problems, such as soil erosion, land degradation,
decreased streamflow capacity, subsidence of the
land surface, degradation of lakes and wetlands,
and a fall in groundwater tables (Bao et al., 2012;
Xing et al., 2014). Soil physical quality, which is of
great importance for eco-environmental pollution
and soil quality assessment, has not been assessed
comprehensively and systematically in this region.

Soil quality is usually considered to consist
of three components: soil physical quality, soil
chemical quality, and soil biological quality (Dexter,
2004a). Soil physical quality has big effects on soil
chemical and biological processes and, therefore,
it plays a central role in the study of soil quality
(Dexter, 2004b) and forms an integral part of all
considerations of total soil quality (Dexter, 2004a).

Although numerous studies on soil quality have
been conducted by scientists in many research areas,
the three components controlling soil quality have
usually been examined individually (Dexter and
Bird, 2001; Reynolds et al., 2002, 2009; Dexter,
2004a,b,c,d; Dexter and Birkas, 2004; Dexter et al.,
2007; Dexter and Czyz, 2007; Dexter and Richard,
2009; Asgarzadeh et al., 2011). Many parameters
and index have been proposed and used in assessing
soil physical quality, such as air capacity, plant-
available water capacity, relative field capacity,
macroporosity, bulk density, organic carbon content,
the structural stability index, total soil porosity,
porosity of the soil matrix domain, air capacity of the
soil matrix, field capacity, and permanent wilting
point (Reynolds et al., 2002, 2009). However, the soil
physical status for soils of different texture are not
comparable by these parameters and index.

The S-theory, first proposed by Dexter (2004b),
can be used to predict a range of soil physical
properties (Dexter, 2004b,c,d), and the S index is
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the core index of this theory. The theory shows
how soil texture, bulk density, and organic matter
content affect S, and how root ability in soil fits
qualitatively with a given value of S (Dexter, 2004c¢).
The effects of soil friability, soil break-up by tillage,
and hard-setting on S were also explained (Dexter,
2004d). Further, it was illustrated that unsaturated
hydraulic conductivity at the inflection point is
positively correlated with S (Dexter, 2004d). Three
indices, S, F (index for friability), and H (index for
hardsetting) were introduced by Dexter (2004b,c,d),
and S =0.035 was defined as the boundary between
good and poor soil physical conditions.

The S-theory offers a feasible and accurate
method for quantifying and assessing soil physical
quality; it is widely used in the areas of soil science
and soil physics. Based on the soil water retention
curve, methods were proposed for predicting the
optimum content and the range of soil water content
for tillage (Dexter and Bird, 2001). As the growth of
plant roots ceased at about S = 0.02, this led to the
assumption that S may be related to penetration
resistance, and 1/S was used as a measure of the
degree of soil compaction. A method for prediction of
soil penetration resistance was put forward, and the
usage of 1/S made it applicable to soils of different
textures at different bulk densities (Dexter et al.,
2007). The amount clods produced at optimum water
content was shown to be linearly and negatively
correlated with the Sindex (Dexter and Birkas, 2004).
The S index expressed with - as an independent
variable significantly increased the relevance of
the analysis (Santos et al., 2011), compared to the
range of the S index as it was originally proposed by
Dexter (Dexter, 2004b). S-theory was also adopted
to study soil tillage in relation to bi-modal pore size
distributions (Dexter and Richard, 2009) and the
integral energy of conventional available water, least
limiting water range, and integral water capacity
(Asgarzadeh et al., 2011). S-theory was also able
to be used to identify areas of land where physical
degradation or amelioration were taking place, and
to evaluate management practices that would provide
for sustainable land use (Dexter and Czyz, 2007).
Moreover, values of S were able to be used to obtain
quantitative estimates of saturated and unsaturated
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hydraulic conductivity, the optimum water content
for tillage, soil friability, the degree of soil break-up
during tillage, penetration resistance, the ability of
the soil to store plant-available water, root growth,
and soil stability (Dexter and Czyz, 2007).

Previous studies have reported the effects of
texture, bulk density, and organic matter content
on the S value; the relationships between soil
friability and hard-setting of soil and S; and the
positive correlation between unsaturated hydraulic
conductivity at the inflection point and S (Dexter
2004b,c,d). However, the data on a farm scale
used in previous studies makes the S-theory seem
site-dependent. Van Lier (2014) revisited the S-index
for soil physical quality and its use in Brazil. He
found that as an absolute indicator, the value of S
alone has proved to be incapable of predicting of soil
physical quality, while as a relative indicator, it has
no additional value over bulk density or total porosity
(Van Lier, 2014). And more, whether S-theory can
be validated by data on a regional scale is in doubt.
How the index of soil physical quality for the S-theory
is affected by soil bulk density and particle size
distribution on a regional scale is still unknown.

The objectives of this paper were therefore to
quantitatively assess soil physical quality from data
collected in the Haihe River Basin, investigate the
effects of soil particle size distribution and bulk
density on the indices of S-theory, and establish the
relationships between the unsaturated hydraulic
conductivity at the inflection point and S (S/h;) on
a regional scale in northern China.

MATERIAL AND METHODS

The region under study and data collection

The Haihe River Basin (35° to 43° N; 112° to
120° E) is located in northern China and it has
two major rivers: the Haihe River and the Luanhe
River (including their tributaries). The area of the
basin is about 318,800 km?, of which 189,000 km?
is mountainous and the rest is a flood plain, with
a range in elevation from 0 to 3,059 m. It includes
Beijing, Tianjin, and more than 20 large and
medium-size cities in Hebei, Shandong, Shanxi,
and Henan provinces. The Haihe River Basin
is characterized by a semi-humid climate in the
monsoon region of the East Asia Warm Temperate
Zone. Annual mean temperature is 9.6 °C and
average annual pluvial precipitation i1s 530.3 mm
(1951-2007), with approximately 75-85 % of rainfall
occurring from June to September (Weng et al.,
2010; Bao et al., 2012; Xu et al., 2014).

Numerous investigations on soil physical and
hydraulic properties have been carried out in this
region, and the data used in this study were from
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previous studies (Huang, 1995; Huang et al., 1995,
2000; Li, 1997; Xu et al., 1997; Liu and Xie, 1998;
Qiao et al., 1999; Zhang et al., 2001; Wang and Jin,
2002; Cao and Gong, 2003; Ma, 2004; Zou, 2004;
Chen, 2005; Lu et al., 2006; Peng and Shao, 2006;
Zou et al., 2006a,b; Jin et al., 2007; Zhu et al., 2012).
The collected data for the soil water retention curve
and soil physical parameters are listed in table 1.
Part of the data for particle size distribution and soil
saturated hydraulic conductivity are not available.
It is clear that most of the soil in this region is loam
type. In previous studies (Huang, 1995; Huang et al.,
1995, 2000; Li, 1997; Xu et al., 1997; Liu and Xie,
1998; Qiao et al., 1999; Zhang et al., 2001; Wang and
Jin, 2002; Cao and Gong, 2003; Ma, 2004; Zou, 2004;
Chen, 2005; Lu et al., 2006; Peng and Shao, 2006;
Zou et al., 2006a,b; Jin et al., 2007; Zhu et al., 2012),
soil saturated hydraulic conductivity was obtained
by the constant head method or the horizontal soil
column method, and the parameters describing
the soil water retention curve were obtained by
fitting the data of soil water content against the
soil pressure head based on different curve fitting
methods. Both soil saturated hydraulic conductivity
and the parameters of the soil water retention curve
were able to be obtained by pedotransfer functions
based on soil physical properties, which have proven
to be a good predictor for missing soil hydraulic
characteristics (Wosten et al., 2001). The descriptive
statistical index for the data collected from 16 sites in
the Haihe River Basin are in table 2. In this paper, it
1s reasonable to assume that the parameters obtained
from the methods mentioned above are comparable
on a regional scale in this study.

Theory

S-theory is based on the van Genuchten equation
(van Genuchten, 1980) for the soil water retention
curve. The van Genuchten equation is expressed as:

0 =(0,,-0,)1+(@h)']"+6,, Eq. 1

Eq. 2

where 0 is the relative degree of saturation; A (m)
is the soil water potential; 6,,, and 0,,, (kg kg'!) are
the saturated and residual soil gravimetric water
content, respectively; a (m'!), m and n are the
shape parameters of the retention and conductivity
functions, m = 1 - 1/n; and K, (m s™') is the soil
saturated hydraulic conductivity.

K(©)=K.0"[I-(1-0"")"T

The van Genuchten equation can be plotted as
the curve of 6 against log h, and the inflection point
of the curve is defined as:

a0

T =0, =0,)a" ([ (ah) T + B (—m=Da"nh™ [1+ (ah)' T"}h =0
n

Eq. 3

The modulus of soil water potential and soil
water content at the inflection point can therefore
be obtained as follows:
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Table 1. Data collected in the Haihe River Basin in northern China

Site

Depth

Textural class

PSD/ BD/ SWRC/
SSHC

Reference

Dongbeiwang Town, Haidian
District, Beijing City

Xiaotang Mountain, Changping 0.00-0.22/0.40-0.60/>0.60

District, Beijing City
Yongledian, Tongzhou
District, Beijing City

Miyun District, Beijing City
Daxing District, Beijing City

Shijiazhuang City, Hebei
Province

Xiong District, Baoding City,
Hebei Province

Luancheng District,
Shijiazhuang City, Hebei
Province

Wangdu District, Baoding
City, Hebei Province
Linxi District, Xingtai City,
Hebei Province

Hengshui City, Hebei
Province

Quzhou District, Handan
City-1, Hebei Province

Quzhou District, Handan
City-2, Hebei Province

Quzhou District, Handan
City-3, Hebei Province

Guantao District, Handan
City, Hebei Province

Yucheng City, Shandong
Province

m

0.00-0.30/0.30-0.60/
0.60-0.90/0.09-1.20/
1.20-1.50/1.50-2.00

0.00-0.28/0.28-0.58/
0.58-1.11/1.11-1.22/
1.22-1.40/1.40-2.00/
2.00-2.03/2.03-2.41

0.00-0.15/
0.16-0.50/0.50-1.00

0.00-0.30/
0.30-0.50/0.50-1.00

0.00-0.25/0.25-0.40/
0.40-0.60/0.60-0.85/
0.85-1.20/1.20-1.65/
1.65-2.10
0.00-0.20/0.20-0.40/
0.40-0.70/0.70-1.00/
1.00-2.20/2.20-4.00
0.00-0.20/0.20-0.50/
0.50-1.00/1.00-1.50

0.00-0.35/0.35-0.70/>0.70

0.00-0.50/0.50-1.00/>1.50

0.00-0.45/
0.45-1.45/1.45-3.55

0.00-0.20/0.20-0.55/
0.55-1.00/1.00-1.20/
1.20-1.80

0.00-0.37/0.37-0.86/
0.86-1.40/1.40-2.00

0.00-0.30/0.30-0.82/
0.82-1.45/1.45-2.00

0.00-0.25/0.26-
0.45/0.45-1.00

0.00-0.15/0.15-0.70/
0.70-0.76/0.76-1.13/
1.13-1.21/>1.21

Loam/ Silt loam/ Loam/ Loam/ YYYY/YYYY/YYYY/ Jin et al. (2007); Cao

Silt loam/ Silt loam YYYY/YYYY/YYYY and Gong (2003)
Silt loam/ Silt loam/ Silt loam NYYY/NYYY/ Zou (2004); Zou et
YYYN al. (2006a,b)
Sand loam/ Sand loam/ Sand YYYN/ YYYN/ Ma (2004)
loam/ Silt loam/ Silt loam/ Silt YYYN/ YYYN/
loam/ Silt loam/ Sand loam YYYN/ YYYN/
YNNN /YYYN
Loam/ Loam/ Loam YYYY/ YYYY/ YYYY Zhu et al., 2012
Silt loam/ Silt loam/ Silt loam  YYYY/YYYY/YYYY  Zhu et al. (2012)
Sand loam/ Sand loam/ Loam/ NYYY/NYYY/ Zhang et al. (2001)
Loam/ Clay/ Clay/ Sand clay NYYY/NYYY/
NYYY/NYYY/
NYYY
Loam/ Loam/ Loam/ Clay/ NYYY/NYYY/ Xu et al. (1997); Liu
Sand clay/ Loam NYYY/NYYY/ and Xie (1998)
NYYY/NYYY
Silt loam/ Silt loam/ Silt loam/ YYYN/ YYYN/ Peng and Shao
Silt loam YYYN/YYYN (2006); Lu et al.
(2006); Chen (2005)
Sand loam/ Loam/ Silt NYYN/NYYN/ Huang (1995);
NYYN Huang et al. (1995)
Loam/ Clay/ Silt sand NYYY/NYYY/ Li (1997)
NYYY
Clay/ Clay/ Silt NYYY/NYYY/ Wang and Jin (2002)
NYYY
Silt sand loam/ Silt sand YYYY/YYYY/YYYY/ Huang et al. (2000);
loam/ Silt sand loam/Silt sand YYYY/ YYYY Qiao et al. (1999);
clay/ Silt sand Ma (2004)
Silt sand loam/ Silt sand/ Silt  YYYY/ YYYY/YYYY Ma (2004)
sand clay/ Clay IYYYY
Silt sand loam/ Silt sand ~ YYYY/YYYY/YYYY/ Ma (2004)
loam/ Silt sand/ Silt sand YYYY
loam
Silt clay/ Silt clay/ Clay loam  YYYY/YYYY/YYYY  Zhu et al. (2012)
Silt loam/ Silt loam/ Silt loam/ YYYN/ YYYN/ Ma (2004)
Silt loam/ Silt loam/ Silt YYYN/ YYYN/
YYYN/ YYNN

PSD: Particle size distribution; BD: Bulk density (Mg m™); SWRC: Soil water retention curve; SSHC: Soil saturated hydraulic
conductivity (m s); Y or N: The data is available or not available.

L

]n

1
m

sat

0,=(0,,-0,)[1+—1" +0,,
m

Eq. 4

Eq. 5

S, =-n(6

sat res

_9 )[l+l]—(l+m)
m

Eq. 6

The soil physical parameter, S;, was defined

as the index for soil physical quality by Dexter in

where h; (m) and 0; (kg kg'!) are the modulus of
soil water potential and soil water content at the
inflection point, respectively.

The slope S; at the inflection point, also
called the S index, can be calculated using the
following equation:

R. Bras. Ci. Solo, 39:1311-1321, 2015

his series of papers (Dexter, 2004b,c,d), which was
shown to be comparable among soils of different
textures. The descriptive categories of soil physical
quality in terms of the corresponding value of
S; were proposed as follows: S;>0.050 very good,
0.050>S0.035 good, 0.035>S>0.020 poor, 0.02>S;
very poor (Dexter 2004d; Dexter and Czyz, 2007,
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Table 2. Descriptive statistical index for the data collected in the Haihe River Basin in northern China

Statistical o4 Silt  Clay BD 0, 0, SSHC
index
% Mg m? m?® m? m st
Dongbeiwang Average 27.1 52.4 20.6 1.55 0.377 0.0575 0.00000055
Town, Haidian SV 48.9 24 11.6  0.0212 0.000947  0.000153 0.000000000000379
District, Beijing
City SD 6.99 4.9 3.4 0.146 0.0308 0.0124 0.000000616
Ccv 0.258  0.0935 0.165  0.0943 0.0817 0.215 1.12
Xiaotang Average 1.39 0.421 0.0437 0.000000832
Mountain, SV 0 0.000911  0.00102 0.000000000000497
Changping
District, Beijing SD 0 0.0302 0.0319 0.000000705
City cv 0 0.0716 0.73 0.848
Yongledian, Average 43 48.3 8.73 1.46 0.454 0.0559
Tongzhou = SV 450 313 19.7 0.00274 0.000304  0.000303
District, Beijing
City SD 21.2 17.7 4.44 0.0524 0.0174 0.0174
cv 0.493  0.366 0.509  0.0359 0.0384 0.311
Miyun District, Average 33.1 45.8 21.1 1.45 0.398 0.0641 0.00000146
Beijing City SV 189 87.2 20.2 0.0037 0.000486  0.00013 0.000000000000249
SSD 13.7 9.34 4.5 0.0608 0.022 0.0114 0.000000499
cv 0.416 0204 0213  0.042 0.0554 0.178 0.341
Daxing District,  Average  24.6 57.6 17.8 1.43 0.393 0.0617 0.00000183
Beijing City SV 1.08 2.25 0.294  0.0027 0.000131  0.00000172  0.000000000000236
SD 1.04 1.5 0.542  0.052 0.0115 0.00131 0.000000486
Ccv 0.0424 0.026 0.0304 0.0363 0.0291 0.0213 0.265
Shijiazhuang Average 1.51 0.416 0.115 0.0000000497
City, Hebei S\ 0.00571  0.000626  0.00594 0.00000000000000251
Province
SD 0.0756 0.025 0.0771 0.0000000501
(0\% 0.0501 0.0601 0.672 1.01
Xiong District, Average 1.39 0.437 0.132 0.00000159
Baoding City, sV 0.00522  0.00278  0.00399 0.000000000000843
Hebei Province
SD 0.0722 0.0527 0.0631 0.000000918
Ccv 0.0519 0.121 0.478 0.577
Luancheng Average 33 57.6 9.4 1.47 0.495 0.108
District, A% 56.5 9.9 23.9 0.0279 0.000967  0.00161
Shijiazhuang
City, Hebei SD 7.52 3.15 489  0.167 0.0311 0.0401
Province cv 0.228 0.0546  0.52 0.114 0.0628 0.371
Wangdu Average 1.48 0.391 0.116
District, SV 0.00413  0.000487  0.0022
Baoding City,
Hebei Province SD 0.0643 0.0221 0.0469
Ccv 0.0433 0.0564 0.405
Linxi District, Average 1.42 0.445 0.03 0.00000139
Xingtai City, Y 0.00453 0.00212 0.0012 0.00000000000212
Hebei Province
SD 0.0673 0.046 0.0346 0.00000146
cv 0.0474 0.103 1.15 1.05
Hengshui City, Average 1.44 0.378 0.0884 0.00000000242
Hebei Province SV 0.00723  0.000548  0.000194  0.00000000000000000216
SD 0.085 0.0234 0.0139 0.00000000147
cv 0.0589 0.0619 0.158 0.608

Continue
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Continuation

Quzhou Average 6.8 68.1 25.1 1.39 0.452 0.0781 0.00000215

District, sV 21.8 173 204 0.00047 0.000398  0.000247 0.00000000000225

Handan City-1,

Hebei Province SD 467  13.1 14.3  0.0217 0.02 0.0157 0.0000015
Ccv 0.687 0.193 0.569  0.0156 0.0442 0.201 0.698

Quzhou Average 6.57  66.8 26.6 1.4 0.495 0.0965 0.000000788

District, SV 28 431 635 0.0000667 0.000366  0.00241 0.000000000000531

Handan City-2,

Hebei Province SD 529  20.8 25.2  0.00816 0.0191 0.0491 0.000000729
cv 0.805  0.311  0.947  0.00583 0.0386 0.509 0.925

Quzhou Average 691  78.3 14.8 1.42 0.485 0.0715 0.000000765

District, 5\% 20.6 167 165 0.00263 0.000097  0.0000029  0.000000000000235

Handan City-3,

Hebei Province SD 454 129 12.9  0.0512 0.00985 0.0017 0.000000485
Ccv 0.657 0.165 0.87  0.036 0.0203 0.0238 0.634

Guantao Average 955  47.7 42.8 1.49 0.442 0.0894 0.000000572

glsmg‘:t’ Cit SV 119 52.5 177 0.0012 0.00117 0.000126 0.0000000000000000268

andan City,

Hebei Province SD 10.9 7.25 13.3  0.0346 0.0342 0.0112 0.00000000517
Ccv 1.14 0.152  0.311  0.0232 0.0774 0.125 0.00904

Yucheng City, Average 9.48 76.2 14.3 1.47 0.5 0.12

Shandong SV 16.9 59.3 90.9  0.00359  0.00824  0.00949

Province
SD 4.11 7.7 9.53  0.0599 0.0908 0.0974
cv 0.434  0.101  0.668  0.0407 0.182 0.815

BD: Bulk density; 6 Saturated soil water content; 6,: Residual soil water content; SSHC: Soil saturated hydraulic conductivity;
SV: Sample variance; SD: Standard deviation; CV: Coefficient of variation.

Reynolds et al., 2009). S; = 0.035 was suggested for
the reference value as the boundary between good
and poor soil structural quality (Dexter, 2004b).

By assuming that a soil with a greater degree
of hard-setting at 6, had the same effect at any
other water content, Dexter (2004c) introduced
an equation for measuring hard-setting, H, which
was based on the rate of change of effective stress
(estimated as ®h) with unit change of gravimetric
water content, 0 :

d(ho)
H ="
40 Eq. 7
At the inflection point:
h, 6.
H, =[]+
i [9 1 +S] Eq. 8

sat i

where H;1is the index for hard-setting.

Dexter (2004c) also showed that the friability
index, F;, was highly correlated with S;, and F; varied
with S; in the following equation:

F, =15.008, Eq. 9
where F; is the friability index, and 0.5 is the
reference value defining soil structural quality as
good or poor.

Soil unsaturated hydraulic conductivity, K;, at
the inflection point can be derived by combining
equations 2, 4, and 5.
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RESULTS AND DISCUSSION

Based on S-theory, we will discuss interaction
between the indices of S-theory and different soil
parameters on a regional scale as follows: S index vs.
clay content, log H vs. clay content, S index vs. bulk
density, log H vs. bulk density, -log K; vs. -log S, and
-log K; vs. -log (S/h)2. The effect of clay content on
the S and H index, collected at different depths in
Yongledian, Beijing City, were also discussed. S, F,
and H values of S-theory and statistical indicators of
16 sites were calculated for quantitatively assessing
the soil physical quality of the Haihe River Basin
in northern China.

The effects of clay content on the index for soil
physical quality

The effect of clay content on the S index in the
Haihe River Basin is in figure la. It reveals that
with an increase in clay content, the value of the S
index generally decreases. Such a phenomenon is
likewise seen in a previous study on Swedish soils
(Dexter, 2004b). Clay content for most soils in the
Haihe River Basin is between 15 and 35 %, which
leads to an S index in the range of 0.0359 to 0.1000.
The maximum and minimum values of the S index
in the Haihe River Basin are 0.242 and 0.0359,
respectively, both of which are above the critical
value of 0.035. The average value of the S index is
0.077, indicating that soil physical quality in the
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Haihe River Basin is very good. The coefficient of
determination of the fitting curve is low, 0.3144,
which may be attributed to the spatial variation of
soil physical quality.

With the increase in clay content at different
intervals, the value of the S index generally
decreases at a different rate of change. The
attempt was made to use double linear lines to
fit the data of the S index against clay content.
The dividing point separating the two lines was
found at the clay content of 20 %. We designate
the zone for clay content less than 20 % as ‘the
steep-changing zone’, and the zone for clay
content greater than 20 % as ‘the steady-changing
zone’ (Figure 1b). The slopes of the fitting
lines for the two zones are -0.004 and -0.0005,
respectively. This suggests that the S index in
the steep-changing zone decreases much faster
with an increase in clay content than the S index
in the steady-changing zone.

Generally, log H increases with increasing clay
content, implying that the higher the clay content in
the soil, more probably the hard-setting of soil will
occur (Figure 2a). The low R? value and equation
8 indicates that the H index is affected by more
variables than just the clay content used in this

(2) 0.30 -
0251 ¢ N
u | §=0.1656 x****
fg’ 0.20 R*=0.3144
”

()
0.30 -
¢y =0.1336 - 0.004 x Ay =0.07-0.0005 x
2 _ 2
0.25 4 o R*=0.1804 R*=0.3882
<&
0.20 -
g
E < ¢ Clay <20 %
w 0151 & A Clay >20 %
¢ ___ Linear Fitting
0.10 o Clay <20 %
SO Linear Fitting
0.05 -%ng ags My ,Clay>20%
0.00 T T T |
0 20 40 60 80
Clay (%)

Figure 1. The effect of clay content on the S index
in the Haihe River Basin in northern China.
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study. The maximum and minimum values of the
H index in the Haihe River Basin are 16503 and
267, respectively, whereas most of the H index is
between 2000 and 6000, and the average value of the
H index is 4169. The steep-changing zone and the
steady-changing zone were also able to be identified
(Figure 2b), with the clay content of 20 % as the
critical value as well. The H index increases faster
with increasing clay content when clay content is
less than 20 % than when clay content is greater
than 20 %.

Figure 3 shows the effect of clay content on the S
(Figure 3a) and H (Figure 3b) index in Yongledian,
Tongzhou District, Beijing City. Seven soil samples
from depths ranging from O to 2.41 m were obtained
at the same site. Clay content at this site is between
0 and 20 %, which is in the steep-changing zone.
Relationships between the S index vs. clay content,
and the Hindex vs. clay content at this site received
a higher R?, which were shown in Dexter’s study
(Dexter, 2004b,c,d). For these relationships on the
regional scale (Figures la and 2a), the relatively
lower R? for the relationships between the S index
vs. clay content, and the H index vs. clay content is
mainly attributed to spatial variation in soil physical
quality and sampling of different depths.

The effects of bulk density on the index for soil
physical quality

(a) 4.51

log H

¥ =3.3394 + 0.0099 x

251 ¢ R’=0.1865

0.0 T T T 1

of =2.9978 + 0.0426 x
R*=0.4495

Ay =3.2498 +0.01x
R*=0.3276

AN

®) 427

& Clay <20 %

A Clay >20 %
___Linear fitting

Clay <20 %
Linear fitting

Clay >20 %

log H
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Clay (%)

Figure 2. The effect of clay content on the H index
in the Haihe River Basin in northern China.
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We attempted a linear correlation between soil
bulk density and the Sindex (Figure 4a), but the low
R? value indicates that such a relationship might not
exist, and bulk density is a less important variable
for the S index. Most of soil bulk density in the Haihe
River Basin is between 1.35 and 1.55 Mg m™, and
the Sindex in this region is scattered from 0.0359 to
0.100 (Figure 4a). As for the log H, figure 4b shows
a positive linear correlation with soil bulk density,
although the R? value is very low. From the above,
it may be concluded that, compared to clay content,
soil bulk density is a less important variable for the
indices of S and log H.

Soil physical quality at different sites in the
Haihe River Basin

Because soil physical properties differ at different
depths, numerous studies have been conducted to
obtain soil samples at different soil depths to get a
comprehensive understanding of soil physical quality
at the sites studied (Puma et al., 2005; Badia et al.,
2013; Penna et al., 2013; Wang et al., 2014). Most
sampling depths of the data collected in the Haihe
River Basin are within 2.00 m, and all these depths
should be considered in assessing soil physical
quality. Thus, in this study, we followed the previous
studies in analyzing samples from different depths
for assessment of soil physical quality. For layered
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R? =0.509
0.25 °
0.20
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<
g 0.15 —— Linear Fitting
- o
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Figure 3. The effect of clay content on the S and H index
in Yongledian, Tongzhou District, Beijing City.
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sampling sites, the soil physical quality indices were
calculated using the weighted average method.

The coefficient of variation (CV) for the S index
is 0.424, much smaller than the CV of 0.945 for the
H index (Table 3). This suggests that the change
in the S index among different sites is not as great
as that in the H index in the Haihe River Basin
(Figure 5). This is mainly due to the fact that the H
index is affected by more variables than the Sindex,
as discussed above.

Hydraulic conductivity at the inflection point
and its relationships to S and S/h;

It has been reported that the value of S at the
inflection point was related to unsaturated hydraulic
conductivity of soil at the inflection point, and
thus the inflection point was able to be used as a
“matching point” in studying unsaturated hydraulic
conductivity (Dexter, 2004d). Figure 6a shows the
relationship between -log K;, and -log S using the
linear and polynomial equations for fitting. The
fitting linear equation is (-log K;) =-5.57 + 2.56(-log S).
Dexter (2004d) used the same type of equation to
fit the data to Polish and Dutch soils and obtained
(-log K;) = -4.39 + 2.28(-log S), with R? = 0.50 for the
Polish soil, and (-log K;) = -3.69 + 3.05(-log S), with
R2 = 0.50, for the Dutch soil.
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Figure 4. The effect of bulk density on the index for

soil physical quality in the Haihe River Basin
in northern China.
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Figure 5. Soil physical quality indices, S index (a)
and H index (b), from 16 sites in the Haihe River
Basin in northern China.
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The three fitted lines for different data sets are
plotted in figure 7. It is clear that the three lines
have a similar slope, although the intercepts of
the three equations are different. The difference in
the slope is mainly caused by clay content in the
soil, which plays an important role in soil physical
quality. Ranges and mean clay content for the three
data sets are as follows: 0.02 to 0.24 kg kg'! and
0.091 kg kg'! for the Polish soil, 0.01 to 0.56 kg kg!
and 0.0166 kg kg'! for the Dutch soil, and 0.0192
to 0.6072 kg kg'! and 0.1876 kg kg! for the Haihe
Basin soil. The mean clay content controls the slope
of the fitted line. A linear equation can also be used
for fitting the relationship between -log K;, and
-log (S/h;)?, as shown in figure 6b.

In order to improve the R? value, we tried to use
the polynomial equation for fitting the same data sets
(Figures 6a and 6b). Higher R? values were achieved
in fitting the relationships between -log K;, and -log S,
and -log K;, and -log (S/h;)%. The polynomial equation
fitting indicates there are extreme maximum values
of -log K; (Figures 6a and 6b), which are both located
at the extreme point of the two polynomial equations.
When -log S = -0.954, the extreme maximum
value of -log K; is -8.01 (Figure 6a), whereas when
-log (S/h))? = -5.947, the extreme value is -8.03
(Figure 6b). Different variables are used for -log K; ,
and its relationships to -log S and -log (S/h;)? in the
Haihe River Basin (Figures 6a and 6b). However,
approximately the same number for extreme value
for -log K; is obtained when calculating two fitting

Table 3. S, F, and H index and statistical indicators from 16 sites in the Haihe River Basin in northern China

Site S F H Description
Dongbeiwang Town, Haidian District, Beijing City 0.0519 0.778 6560 Very good
Xiaotang Mountain, Changping District, Beijing City 0.0649 0.974 959 Very good
Yongledian, Tongzhou District, Beijing City 0.138 2.07 2030 Very good
Miyun District, Beijing City 0.0535 0.802 3380 Very good
Daxing District, Beijing City 0.0665 0.997 4310 Very good
Shijiazhuang City, Hebei Province 0.102 1.53 23200 Very good
Xiong District, Baoding City, Hebei Province 0.048 0.72 12600 Good
Luancheng District, Shijiazhuang City, Hebei Province 0.0602 0.903 3950 Very good
Wangdu District, Baoding City, Hebei Province 0.0581 0.871 9510 Very good
Linxi District, Xingtai City, Hebei Province 0.109 1.63 1450 Very good
Hengshui City, Hebei Province 0.151 2.26 3120 Very good
Quzhou District, Handan City-1, Hebei Province 0.0713 1.07 3590 Very good
Quzhou District, Handan City-2, Hebei Province 0.0549 0.824 6690 Very good
Quzhou District, Handan City-3, Hebei Province 0.0573 0.859 2620 Very good
Guantao District, Handan City, Hebei Province 0.0474 0.711 4230 Good
Yucheng City, Shandong Province 0.101 1.52 5270 Very good
Average 0.0772 1.16 5840

Sample variance 0.00107 0.241 30500000

Sample standard deviation 0.0327 0.491 5520

Coefficient of variation 0.424 0.424 0.945

R. Bras. Ci. Solo, 39:1311-1321, 2015
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Figure 7. Three fitted lines for different data sets.

equations for two relationships. The non-monotonous
polynomial equation is better than the linear equation
for fitting the relationships between -log K;, and -log
S, and -log K;, and -log (S/h;)>.

CONCLUSIONS

R. Bras. Ci. Solo, 39:1311-1321, 2015
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Clay content is the most important factor that
affects the soil physical quality indices of S, F, and
H on the regional scale in northern China. Two
different zones, the steep-changing zone and the
steady-changing zone, were identified, with clay
content of 20 % as the dividing value.

A negative linear correlation between bulk
density and the S index, and a positive linear
correlation between bulk density and the H index
were found. Bulk density is a less important index
compared to clay content.

The average S index of 0.077 indicates that soil
physical quality in the Haihe River Basin is very good.
The CV for the S index is 0.424, smaller than the CV
of 0.945 for the H index, indicating that the S index
does not vary significantly among different sites as
compared to the H index in the Haihe River Basin.

Two different type equations, the linear equation
and the polynomial equation, were used for fitting
the relationships between -log K; and -log S, and
-log K; and -log (S/h;)?. The polynomial equation
with a higher R?provides a better fit than the linear
equation for fitting the above two relationships.
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