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Abstract

The aim of this study was to assess soil quality and identify main indicators and their critical limits as a function of relative
rice yield in northern Iran. In present study, 60 topsoil (0—30 cm) samples were collected and 18 physical, chemical, and
biological soil attributes were measured and analyzed. Based on the mean rice yield obtained from sampling sites, paddy
fields were divided into fields with low (< 4.5 t ha™!) and high (> 4.5 t ha™!) productivity. Using the principal component
analysis (PCA), among 18 soil indicators, 4 indicators were selected as the minimum dataset (MDS) including soil organic
carbon (OC), urease activity, bulk density (BD), and available Zn (AZn). The upper and lower limits of MDS indicators and
soil quality index (SQI) were defined using scatterplot. The results showed that the mean SQI of high productivity fields
(0.95) was significantly higher than that in low productivity fields (0.77). The upper and lower limits for soil OC were 3.5
and 1.0 (g 100 g1, urease activity 84 and 43 (ug NH, g soil™' 2 h~!), BD 1.84 and 1.60 (g cm ™), and AZn 2.0 and 0.6 (mg
kg™, respectively. The soil quality assessment using SQI accounted for 52% of the rice yield variation. Thus, management
practices and mitigation of soil limiting factors should be comprehensively investigated to ensure sustainable rice produc-
tion in the paddy fields of northern Iran.
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Introduction

Rice (Oryza sativa L.) is considered as one of the main food
products around the world other than wheat and corn. Over
half of the world’s people, especially in Southwest Asia,
China, and India, depend on rice as the main meal to sur-
vive (Fahad et al. 2019). In general, 90% of rice is produced
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and consumed in Asia (Arouna et al. 2021). In Iran, 80% of
rice produced belongs to Guilan and Mazandaran provinces.
However, the rice productivity is still low and decreasing
due to the loss of optimal soil conditions and weaknesses of
management practices. The continuous soil compaction nec-
essary for waterlogging impacts the soil system. In particu-
lar, it destroys soil aggregates stability, increase bulk density
and thereby reduce soil hydraulic conductivity (Zhao et al.
2015; Zheng et al. 2021). Soil gleization of paddy fields
is one of the main causes of land degradation and a major
challenge to national food security (Liu et al. 2015). Gleyed
paddy soils show reduced conditions as a result of extended
waterlogging or poor drainage. Weak air circulation and tox-
icity of reduced substances have been determined to be the
major limiting factors (Pan 1996).

With regard to an increase in land use pressure, soil
quality assessment is necessary to achieve sustainable
management and soil degradation control (Abdelrahman
and Tahoun 2019; Jahany and Rezapour 2020; Rezapour
et al. 2021). Soil quality is a concept that also goes beyond
crop yield. However, identifying situations that allow the
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establishment of relationships between soil quality and
crop yields parameters, such as grain yields are important,
mainly from farmer’s perspective (Mendes et al. 2021).
Since crop yield is considered as a plant biological factor
which directly responds to soil properties it was proposed
as the main criterion for soil quality assessment (Li et al.
2019). Using crop yield as the main criterion reduces
the possible effects of other factors that are not related
directly to soil quality. Therefore, crop yield can be taken
into account as a field factor for assessment that considers
farmers’ satisfaction (Lopes et al. 2013).

Assessing soil quality and identifying main indicators and
critical limits are very essential to the maintenance of soil
natural functions and crop yield, especially in paddy fields
(Biswas et al. 2017). Given the complexities of crop yield
response to critical limits, the best thing that might be done
is to establish these limits for the main soil indicators based
on local crop yield (Bai et al. 2018). The specific conditions
of crop yield (low to high) can be beneficial for preparing a
guideline for interpretation of individual main soil indicator
(Lopes et al. 2013). Therefore, a reliable and accurate assess-
ment of soil quality and the detection of limiting indicators
based on crop yield can lead to economic crop production
along with improved soil quality. Many previous studies
have either provided crop yield data or analyzed the rela-
tionship between soil quality index (SQI) and yield in paddy
fields in different areas (Rezaee et al. 2020; Dengiz 2020;
Liu et al. 2014), but the critical limits of soil quality indi-
cators have not been established in paddy field conditions.

Fig.1 Location of the study
area in Guilan province and Iran
(a), and geographic locations of
sampling points (b)
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About 200,000 hectares of paddy fields are located in
Guilan province, northern Iran) Rezaee et al. 2020(. Improv-
ing the productivity of these lands, which is important for
ensuring national food security, is faced with many chal-
lenges. The systematic assessment of soil quality can help
productivity improvement. However, soil quality assessment
based on the establishing the critical limits of indicators in
the real field conditions is limited in the northern Iran. We
hypothesized that exceeding tillage, unbalanced fertilization,
puddling, and waterlogging might have negative effects on
different physical, chemical, and biological properties of soil
quality and crop yield in the study area. The main objec-
tives of this study were to (a) establish the minimum dataset
(MDS) consisting of main soil variables and (b) identify
upper and lower critical limits of the soil quality indicators
based on the local crop yields under field condition.

Materials and methods
Study area, soil sampling, and analysis

The present study was carried out in the Pirbazar region
(central areas of Guilan province, northern Iran) located
between 49°32'40" E to 49°34'20" E and 37°1920" N to
37°20'55" N (Fig. 1). In the study area, the mean annual
temperature is 16.8 °C and the mean annual precipitation is
1246 mm. Soil temperature and moisture regimes are ther-
mic and udic, respectively. Aquept is the predominant soil
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group and low land (slope < 1%) is the major physiographic
unit in the study area and paddy fields are the major land
use. Land preparation practices including plowing, puddling,
harrowing, and leveling are annually performed 7 to 30 days
before transplanting in early spring. Based on farmers’ sur-
veys, conventional fertilization focused on mineral fertilizers
for N, P, and K. Once tillage were conducted before each
cropping season, and the N, P, and K fertilizers were usually
applied totally as basic fertilizer during soil tillage across the
whole study area. The sampling sites have similar climate
conditions, cropping systems, and agricultural management
(i.e., fertilization, tillage).

Sixty sampling sites in paddy fields with almost the
same agricultural practices and crop management were ran-
domly collected. Based on the recorded mean rice yield of
the three years (2015 to 2017), the chosen paddy fields had
been divided into low (< 4.5 t ha™!) and high (> 4.5 t ha™!)
productivity, which have been cultivated for about 30 years.
A sampling quadrat (with regular shape, 10X 10 m) was
established in each sampling site. Soil samples were taken
from four corners of square and mixed to form a composite
sample. The composite soil samples were taken from a depth
of 0 to 30 cm, 7-14 days after rice harvest. It was assumed
that the soil stabilizes within 7-14 days after rice harvest
due to the fading of the rhizosphere effect (Majumder et al.
2008). A total of 60 composite soil samples were collected,
and the LP (low productivity) and HP (high productivity)
paddy fields had representative soil samples of 34 and 26,
respectively.

A portion of the soil sample was air-dried to analyze the
physical and chemical soil properties and the rest of it was
kept at 4 °C to measure biological soil properties. Some
physical, chemical and biological soil properties were meas-
ured using the following standard methods: clay content
(Gee and Bauder 1986); mean weight diameter (MWD) of
soil aggregates by wet-sieve-method (Kemper and Rosenau
1986); soil bulk density (BD) by core method (Grossman
and Reinsch 2002); soil pH by a pH meter in soil/distilled
water extract (1:2.5) (McLean 1982); electrical conductiv-
ity by an EC meter in soil/distilled water extract (1:2.5)
(Rhoades 1982); soil organic carbon (OC) by wet oxida-
tion method (Nelson and Sommers 1982); total nitrogen
(TN) by Kjeldahl digestion method (Bremner 1960); avail-
able phosphorus (AP) by sodium bicarbonate extraction
and subsequent colorimetric analysis (Olsen et al. 1954);
available potassium (AK) by flame photometer after extrac-
tion with ammonium acetate (Knudsen et al. 1982); avail-
able copper (ACu), available zinc (AZn), and available
iron (AFe) by ICP after extracting with DTPA (Lindsay
and Norvell 1978); soluble calcium (Ca) and magnesium
(Mg) using EDTA complexometric titration method (Rich-
ards 1954); active C (AC) by KMnO, oxidation procedure,
microbial biomass carbon (MBC) using the chloroform
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fumigation—incubation method and urease activity by the
phenol-hypochlorite assay method (Vance et al. 1987).
Microbial carbon ratio (MCR) was also calculated based
on MBC and soil OC.

SQIl assessment
Selecting the MDS

Soil quality was assessed by selecting the representative
soil indicators. The Pearson correlation of soil indicators
and rice yield was used to identify dependent variables. Soil
indicators with a significant relationship to rice yield were
selected for the standardized principal component analysis
(PCA) (Liet al. 2019).

In order to reduce the number of studied variables and
provide independent components, PCA was employed to
define the indicators that play the greatest role in explaining
changes in soil properties. The reduction of the number of
components was obtained using the eigenvalue-one crite-
rion, also known as Kaiser criterion (Kaiser 1960), and the
Scree test (Cattell 1966). Thus, according to the method of
Andrews et al. (2002) and Govaerts et al. (2006), the princi-
pal components (PCs) with eigenvalues > 1 have only been
taken into account. After selecting the PCs, within each PC,
only factors with the highest weight (i.e., those having abso-
lute values within 10% of the highest factor loading) were
retained for the MDS. If more than one indicator was pre-
served within a PC, variables with higher correlation coef-
ficients and lower weight are removed.

Indicator scoring

After minimum dataset determination, each indicator
applied a scoring function for transformation and standard-
ized between 0 and 1. For each indicator that improves soil
quality with increasing or decreasing their value, “more is
better” (Eq. 1) and “less is better” (Eq. 2) functions were
used, respectively. The “optimal range’ function (Eq. 3) was
used for indicators that have an increasingly positive rela-
tionship with soil quality to the optimum level beyond which
soil quality decreases.

0.1 )C<.xl
X—X
MX) = 0‘9szTxll+0’1 X <x<x, (1)
1 X > X
1 x<x
LEO = 1=09% =0 xy <x <y, @
0.1 x> X
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where x; and x, are the lower and upper threshold value of
indicator, respectively; r, and r, are the lower and upper
value of optimal range, respectively; x is the indicator
value; M, L, and R are more is better, low is better, and opti-
mal range scoring functions, respectively; (X) is the score
between 0.1 and 1.

Calculating soil quality index

After choosing the MDS indicators, the weight of each indicator
has been allocated using the PCA results, and was equal to the
percentage of variance explained by each PC (full value for uncor-
related variable, divided between variables for correlated variables)
standardized to the unit (Armenise et al. 2013). Then, the soil qual-
ity index (SQI) was calculated as follow (Eq. 4) (Li et al. 2013):

SQI = Y wixsi 4)
i=1

where wi is the indicator weight; si is the indicator score,
and 7 is the number of indicators.

Determining critical limits

For each soil quality indicator, critical limits are defined
according to favorable threshold value needed for optimum
soil functioning and quality maintenance for agriculture pro-
duction. The relative yield (RY) was described as 100 times
the yield of a site divided by the yield of a site that generated
the highest yield with sufficient but not exceeding inputs
(Eq. 5) (Biswas et al. 2017; Lopes et al. 2013):

_ Yield of each sampling site

RY 100 )

~ Maximum yield obtainable

The critical limit of a soil quality indicator is the optimal
range of its value required for soil functions and maintenance
of its health for sustainable crop production. The regression
lines between the selected main indicators in MDS and RY
were created for determining the critical limits. In the regres-
sion equation, relative yield, (Y)=80 and 40 were taken and the
corresponding values of indicator “X represent its upper and
lower critical limits, respectively. The values of key indicators
higher than RY of 80% were considered adequate, assuming

Table 1 Descriptive statistics of measured soil properties and rice yield for HP and LP fields

Type Soil indicator Unit LP (n=34) HP (n=26)
Mean Range Mean Range
Physical properties Clay 2100 g™! 23.65 14.5-38.00 22.25 8.50-39.50
BD gcem™ 1.69 1.60-1.85 1.59 1.52-1.67
MWD mm 221 1.48-2.68 2.58 1.97-2.94
Chemical properties pH 7.30 6.75-7.57 7.20 6.60-7.63
EC dSm™! 0.92 0.28-4.64 0.75 0.31-2.72
oC g 100 g7! 2.67 1.17-3.73 3.55 2.56-4.68
AC mg 100 g~ 32.57 9.76-97.15 33.82 22.66-55.16
TN 2100 g™ 0.17 0.11-0.29 0.21 0.16-0.28
AP mg kg™ 10.71 0.2-21.64 15.20 0.30-33.68
AK mg kg™ 139.23 54.00-432.00 184.88 50.00-400.00
ACu mg kg™ 5.40 1.66-10.31 4.90 2.46-7.40
AFe mg k™! 28.96 6.63-59.10 54.54 6.63-105.20
AZn mg kg™ l.o4 0.80-2.14 1.98 1.52-2.51
Ca mg kg™ 151.36 16.03-368.74 101.12 16.03-240.48
Mg mg kg™ 95.85 9.73-321.02 91.29 9.73-243.20
Microbiological properties MBC mg 100 g~ 65.96 6.87-251.01 72.59 8.51-413.10
MCR 2100 g7 2.01 0.15-10.73 3.25 0.18-11.77
Urease pg NH, g soil ! 2 h! 59.19 27.50-105.00 82.74 61.49-105.00
Yield tha™! 3.71 2.20-4.43 5.17 4.64-5.93

BD bulk density, MWD mean weight diameter, EC electrical conductivity, OC organic carbon, AC active carbon, TN total nitrogen, AP available
phosphorus, AK available potassium, ACu available copper, AFe available iron, AZn available zinc, Ca soluble calcium, Mg soluble magnesium,
MBC microbial biomass carbon, MCR microbial carbon ratio, LP low productivity, HP high productivity
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Table 2 Correlation coefficients between soil quality attributes and

Table 4 Principal components analysis of the statistically significant

rice yield soil quality indicators
Soil quality Yield Soil quality Yield PCs PC1 PC2 PC3
indicator indicator
Eigen value 4.700* 3.922 2.055
Clay —0.270* AK 0.335%* Percentage of variance 36.37 22.83 13.34
BD —0.342%* ACu —0.146 Cumulative variance percentage 36.37 59.20 72.54
MWD 0.451# AFe 0.604%%  Figen vectors
pH —0.052 AZn 0.454%*  (Clay -0.101 0.245  —0.158
EC —0.389%* Ca 0.084 BD 0.254 0.324  0.041
oc 0.4857% Mg —0.047 MWD ~0.269 0225  —0.047
AC -0.019 MCR 0333 gC —0.145 0.128 0.189
N 0.528%* MBC 0.230 oc —0.300° 0189  —0.150
AP 0.193 Urease 0.607%*%* TN —0.284b 0.087 —0.260
“ and ** indicate significance at probability of 5% and 1% level, AK 0.254 —0.142 -0268
respectively AFe 0.175 —-0.149 0.139
AZn 0.172 —0.285 —0.367
that RY of 80% corresponds to the production of maximum MCR 0.283 —0.0% 0.121
Urease —-0.271 0.085 0.180

economic efficiency. Values of key indicators corresponds to
RY of 40 and 80% were defined as moderate, the values lower
than RY of 40% were classified as low (Lopes et al. 2013).

Statistical analysis

Correlation relationships between the soil quality attrib-
utes were done using Pearson correlation coefficient. PCA
was performed to determine the best soil quality indicators.
Hotelling’s #-squared test was used to investigate the particu-
lar difference among soil quality attributes and an unpaired
t-test was performed to define the effect of soil quality on
rice yield. Statistical analyses were done using SPSS 18.0.

Results
Soil attributes of two productivity levels

Eighteen physical, chemical, and biological soil properties
were measured as soil quality indicators (Table 1). Higher val-
ues of MWD and lower values of bulk density were observed
in HP paddy fields. The levels of organic carbon, active C, total
N, available P, available K, available Fe, and available Zn were
higher in HP than in LP paddy fields. The MBC, MCR, and
urease activity were higher in HP than in LP paddy fields, by
10.0%, 61.7%, and 39.8%, respectively. The rice yield of HP
was 0.39 times higher than that in LP paddy fields.

Italicized eigen values correspond to the PCs examined for the index
Bold values under each component were highly weighted
“Bold-italicized values were selected in MDS

The results of Hotelling’s ¢-squared test showed a sig-
nificant difference between the low and high productivity
fields in total measured soil properties (p <0.01). Thus, the
portion of the yield difference in selected paddy fields can
be attributed to variations in soil properties.

Soil quality assessment

Using the Pearson correlation coefficients between soil prop-
erties and rice yields (Table 2), some soil properties includ-
ing clay content, BD, MWD, EC, OC, TN, AK, AFe, AZn,
MCR, and urease activity showed a significant relationship
(p £0.05) with rice yield. Therefore, these parameters were
used for the next step in PCA and the other studied soil char-
acteristics were excluded from subsequent analyses.
Kaiser—-Meyer—Olkin (KMO) is a statistical measure
to determine how suited data is for factor analysis and to
examine the strength of the partial correlation between the
variables. KMO values closer to 1.0 are considered ideal
and values more than 0.6 are good enough for PCA. A sig-
nificant Bartlett's (BTS) test (p < 0.05) shows the correlation
between the variables and the suitability of PCA. The KMO

Table 3 KMO and Bartlett’s

test for measured soil properties
Bartlett’s test of sphericity

Kaiser—-Meyer—Olkin measure of sampling adequacy

0.665
Approximate chi-square 190.578
Degree of freedom 55
Significance 0.000
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Component

Fig.2 Scree plot for the 7 PCs

test statistic of 0.665 and the significant (p <0.001) BTS
showed that PCA is appropriate in this study (Table 3).

According to the results obtained from PCA, the seven PCs
received eigenvalue > 1 (Table 4). Based on the Kaiser criterion;
keeping any component with an eigenvalue > 1 (Kaiser 1960), a
large number of components remain for interpretation. While,
Norman and Streiner (2008) suggest it may not be appropriate
to use a criterion in cases where the eigenvalues are close to 1.
Hence, according to the Scree plot (Fig. 2) and cutoff at PC3,
the first three PCs were considered which explains more than
70% of the total variance; 36.37, 22.83, and 13.34%, respectively.
The variables within 10% of the highest factor loading in PC1
were soil OC, TN, MCR and urease activity. Pearson correla-
tion results were used to minimize the redundancy within each
PC (Biswas et al. 2017) (Table 5). The high weight variables in
the PC1 (OC, TN and MCR) were all significantly correlated.
Therefore, OC with the highest factor loading was chosen. Con-
sequently, OC and urease activity were retained for the MDS in
PCI1. Because only one highly weighted variable was observed in
PC2 and PC3 (BD and AZn, respectively), these properties were
selected as MDS. Finally, MDS included the following indica-
tors: soil OC, urease activity, BD, and AZn.

After MDS determination, weights (Table 6) were
allocated to the MDS indicators using the PCA results
(Table 4). Specifically, the full weight, equal to 0.364, was
assigned both to OC and urease, as they were not correlated

in PC1. BD and AZn were the only variables selected from
PC2 and PC3, respectively. Therefore, these parameters
received the full weight equal to 0.228 and 0.133, respectively.
Then these weights should be standardized. MDS indicators
were scored from O to 1 using linear scoring functions. The
scoring functions were established in accordance with the
relationship between indicators and soil quality. More is better
functions were utilized for OC and urease activity. Less is
better and optimum functions were utilized for BD and AZn,
respectively (Cherubin et al. 2016; Qi et al. 2009). Finally, the
SQI was computed as follows:

0.364. Soc + 0.364. Syeae +0.228. Sgpy + 0.133. S,

1.089 6)
=0.334.5Sgc + 0.334.Sjep6e + 0.209. Spp + 0.121. S,

SQI =

Soil quality indices changed from 0.31 to 0.98 in paddy
fields. The mean SQI score in high productivity fields
(0.95+0.05) was significantly (p <0.05) greater than that in low
productivity fields (0.77 +0.05) (Fig. 3a). In high and low pro-
ductivity paddy fields, the scores of MDS indicators were 0.318
and 0.277 for OC, 0.312 and 0.267 for urease activity, 0.203
and 0.152 for BD and 0.128 and 0.091 for AZn, respectively.

Critical limits of MDS indicators and SQI

The upper and lower limits of different MDS indicators and
SQI related to relative rice yield were defined using scatterplot.
The linear regression equations for the relative yield of rice
as a function of each MDS indicators and SQI were shown in
Fig. 4. The refined MDS indicators included soil OC, urease
activity, BD, and AZn. The upper and lower limits for soil OC
were 3.5 and 1.0 g 100 g™, respectively. The upper and lower
limit of urease activity were 84 and 43 pg NH, g soil ™' 2 h™!
for achieving 80% and 40% of relative yield, respectively. The
critical limits for BD were 1.84 and 1.60 g cm™ for getting
40% and 80% of maximum yield, respectively. The upper and
lower limits of AZn were 2.0 and 0.6 mg kg™, respevtively.
Finally, the critical limits for SQI were determined as a
function of relative rice yield. The regression relationship
obtained can explain 52% of the variations in rice yield. The
lower and upper critical limits of SQI related to 40% and 80%
of relative rice yield were 0.43 and 0.93, respectively (Fig. 4).

Tablg 3 Corre.:lations m.atrix for oC TN MCR Urease activity BD AZn
the highly weighted variables
under the first three PCs (only ocC 1 0.66™ 0.44** B 039" B
the significant correlations are TN 036" 031" 031" )
shown)
MCR 1 - - -
Urease activity 1 - -
BD 1 -
AZn 1

“indicates significance at probability of 1% level
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Table 6 Communality and weight of soil quality indicators of MDS

MDS indicator Communality Weights
oC 0.78 0.334
Urease 0.78 0.334
BD 0.65 0.209
AZn 0.43 0.121

Discussion

Healthy and economic crop production in agriculture are highly
dependent on soil quality. Soil quality is a comprehensive con-
cept and includes a set of physical, chemical, and biological
soil properties. Awareness about the variation of soil properties
and their interactions with crops in agriculture can basically
lead to the effectiveness of inputs and increase crop produc-
tion yield (Virgilio et al. 2007). Crop yield is discussed here as
an appropriate integrator of the SQI as a result of it is one of
the main concerns of farmers (Bai et al. 2018). Regarding the
effect of soil properties on soil quality, 18 physical, chemical,
and biological soil properties were measured (Table 1). These
properties have been introduced as soil quality indicators in
the literature review (Dengiz 2020; Li et al. 2019; Biswas et al.
2017; Bhaduri and Purakayastha 2014) because each of them
affects the soil productivity. Lima et al. (2013) found that soil
biological properties are the most sensitive indicator that leads
to differences in the soil quality in rice production systems. The
physical properties of soil strongly affect the amount of water,
air and nutrients needed for plant growth (Beylich et al. 2010;
Bonanomi et al. 2011). Contrary to physical and biological
properties, changes in chemical indicators at two levels of yield
showed no clear trend. This may be due to differences in ferti-
lizer application by farmers. In this way, one of our hypotheses
related to the unbalanced application of fertilizer is justified.
After obtaining the SQI, there is a need to maintain soil
function at desired levels (Lopes et al. 2013; Biswas et al.
2017). Furthermore, the critical limits equal to 40% and
80% of RY were considered as the normal objectives of soil

Fig.3 Soil quality index (SQI) (a)
results of low (LP) and high

(HP) productivity paddy fields

with the individual contribu- 0.8
tion of each MDS indicators
(a). Different lowercase letters
represent values that are sig-
nificantly different (p <0.05)
between different productivity 04
levels (b). OC, organic carbon;

BD, bulk density; AZn, avail-

able zinc 0.2

1.0

0.6

SQI

0.0
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quality indicators.Therefore, these specific critical limits
may be found out concretely through suitable soil and crop
management practices (Biswas et al. 2017). This interpreta-
tion framework was also used to establish critical limits for
SQI in India (Biswas et al. 2017), China (Mei et al. 2019;
Tian et al. 2020) and Brazil (Mendes et al. 2021).

Soil OC, urease activity, BD, and AZn were the soil limit-
ing factors in the studied paddy fields. Dengiz (2020) reported
that clay, OC, and total nitrogen of the soils are the major
factors for soil quality assessment of paddy soils. Soil OC
has been extensively introduced as one of the main indicators
affecting soil quality. The important role of organic matter was
known in numerous soil functions such as nutrient cycling,
buffering capacity, aggregate stability, and water infiltration.
Organic matter is also the main source of feed for microorgan-
isms (Carter 2002), and thus has a significant effect on enzy-
matic activity in soil. OC plays a key role in crop production
because it has significant effects on soil biological, chemical,
and physical properties, e.g., root growth, water retention and
availability, gas flow intensity, soil conservation, and nitrogen
supplying and transformation. Therefore, OC is the most key
indicator affecting soil quality and it is highly variable due
to different agricultural management systems (Rezaee et al.
2020). In previous studies on agricultural soil quality, soil OC
has also been identified as a main indicator (Li et al. 2019;
Biswas et al. 2017; Mei et al. 2019). The optimum amount of
OC obtained in this study for 80% RY was 34.7 g kg™!. Bis-
was et al. (2017) reported lower amounts of organic carbon
(7.7 g kg~") under a long term rice-rice system in subtropi-
cal Alfisols in India. Since the 1980s, soil organic matter has
been one of the most important limiting factor with an average
of 7.9 g kg™! (Tian et al. 2020). Currently, this average has
increased due to organic products and crop residue additions
to agricultural soils. This issue alongside long-term water-
logged condition which restricts organic matter decomposi-
tion rate can explain higher amounts of OC average in paddy
fields of Guilan province (Table 1).

Among the measured biological soil parameters, urease
activity appeared as a main soil quality indicator due to
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Fig.4 Critical limits of MDS indicators: organic carbon (a), urease (b), bulk density (c), available Zn (d), and soil quality index (e)

its role in catalyzing numerous biochemical reactions and
greatly involvement in N cycle (Mazzei et al. 2020; Finken-
bein et al. 2013). Urease activity appearance in MDS is well
justified with higher rate of urea application in the studied
paddy fields as a main fertilizer material of nitrogen source
applied by local farmers. Urease activity was significantly

affected by different management methods (Bandick et al.
1994), and can also be used as a proper indicator of soil qual-
ity. In the present study, more urease activity in HP paddy
fields is probably due to higher content of total N and availa-
ble P. The lower limit of urease activity obtained in this study
(43 pg NH, g soil™' 2 h™") is almost similar to the amount
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reported (31 pg NH, g soil™! 2 h™!) by Basak et al (2016)
from the comprised treatment of chemical fertilizers (NPK)
and farm yard manure (FYM) in rice-based cropping system.
Biswas et al (2017) also categorized a lower limit of 24 (pg
NH, g soil~! 2 h™!) under a long-term rice-rice system.

BD is known as one of the main soil physical properties
due to its important role in maintenance of physical stability
and help by controlling available water, aeration, biologi-
cal activity, and consequently crop production (Choudhary
et al. 2018; Shan et al. 2019). The upper and lower limits
of BD obtained in this study (1.84 g cm™ and 1.60 g cm™>)
were greater than the amounts reported (1.2 g cm™ and
1.6 g cm™>) by Biswas et al (2017), respectively. The lower
limit of 1.59 (g cm™) in Inceptisols under a long-term rice-
rice cropping system has been reported by Shahid et al.
(2013). Pishnamaz Amoli et al. (2021) reported that in the
paddy soils, the small number of macropores and the high
number of micropores were found, and the soil BD would
increase as a result of puddling. Puddling destroys aggre-
gates and increases BD (Janssen and Lennartz 2007) and
affects to soil physical properties, such as water retention,
BD, and soil permeability (Supriyadi et al. 2017). It seems
that higher values of critical limits for BD in this study area
related to intensive puddling conducted by local farmers.

Zinc is a micronutrient element that plays some vital roles
in many physiological functions of plants. Rice is a very
sensitive crop to zinc deficiency and therefore zinc can be
a limiting factor in rice growth (Rose et al. 2013). Thus,
AZn as a main indicator plays a substantial role in main-
tenance of soil quality, especially in paddy fields (Shahid
et al. 2013; Biswas et al. 2017). In some studies, available
zinc has been considered as a MDS indicator affecting soil
quality (Bhaduri and Purakayastha 2014; Hamidi Nehrani
et al. 2020). Because it provides key informations for assess-
ing soil functions such as the availability of micronutrients
and crop production (Li et al. 2019; Kawakami and Bhullar
2020). The lower and upper limits of AZn for 40% and 80%
of relative yield were 0.6 and 2.0 mg kg™, respectively. A
similar lower limit value of AZn (1.2 mg kg~!) in Incepti-
sols under a long term rice-rice cropping system has been
reported in the other studies (Biswas et al. 2017; Shahid
et al. 2013). Wei et al. (2007) reported that soil available
Zn status for rice in the alluvial soil was deficient, low, suf-
ficient, and excessive when its value was< 1, 1-2, 2-7.5,
and> 7.5 mg kg~!, respectively. Rice grown in flooded con-
ditions is generally more sensitive to Zn availability than rice
grown in the highlands or irrigated with alternate wetting
and drying systems (Coffin and Slaton 2020). In this study,
paddy fields are located in lowlands. Due to the accumula-
tion of sediments and calcium carbonate, heavy metals are
adsorbed on the sediments and consequently heavy metal
availability is reduced. High pH values (Table 1) could be
due to the calcareous parent material.
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The contribution of soil OC, urease activity, BD, and
AZn in SQI of HP is significantly higher than LP paddy
fields (Fig. 3b). Therefore, these act as the main soil limiting
factors in paddy fields. The upper (0.93) and lower (0.43)
critical limits of SQI obviously indicate that there is a con-
siderable potential for increased rice production in LP paddy
fields. The soil quality assessment using SQI only explained
52% of the variation of crop yields in the study area. Similar
results have been obtained in previous studies. Rezaee et al.
(2020) evaluated the soil quality in paddy fields of northern
Iran and found that the SQI explained 50% of the variation
in rice yield. Li et al (2019) found that the SQI was able
to explain 39% of the variation in wheat yield of farmland
fields in China. Mei et al. (2019) also reported that the soil
quality of topsoil layer could explain approximately 47% of
maize yield variation. The results showed that only about
half of the rice yield variation in this study controlled by
soil quality and possibly other factors such as management
practices should be considered.

Determining the critical limits of the main soil quality
indicator and SQI as a function of relative rice yield is very
important to improve management practices for sustainable
rice productivity. Since crop yield is considered as a plant
biological factor for a direct response to soil properties and
minimizes the impact of factors that are not directly related
to soil quality, therefore, crop yield has been suggested as
the primary soil quality indicator (Li et al. 2019). Because
SQI is obtained from integration of main physical, chemi-
cal, and biological indicators, determining critical limits of
these indicators has an advantage over determining critical
limits of a single index in relation to rice productivity. The
results showed that these main soil quality indicators play
a significant role in influencing different soil functions and
its functional purpose to produce appropriate rice yield. The
development of this interpretive framework reinforces the
importance of long-term field experiments, whereby it is
possible to improve soil quality by implementing optimum
management practices.

Conclusion

The soil properties were evaluated in high (HP) and low
(LP) productivity paddy fields based on SQI. The key indica-
tors, including soil OC, urease activity, BD, and AZn, were
identified as the soil limiting factors. According to the criti-
cal limits of key indicators, more organic amendments and
proper soil structure (low BD) were required to improve rice
yield in the study area. The mean SQI of HP paddy fields
(0.95) was significantly higher than LP paddy fields (0.77).
Significant correlation between SQI and rice yield confirms
that SQI can be used as an effective and practical tool to
evaluate the interrelationships of soil quality indicators and
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crop production in rice paddy fields. The soil quality assess-
ment explained approximately half (52%) of rice yield vari-
ation in the study area. This result reveals that management
practices and mitigation of soil limiting factors should be
comprehensively investigated to maintain and improve soil
quality to ensure sustainable rice production in the paddy
fields of northern Iran. Although the results presented here
are based on 18 soil properties related to soil quality, con-
sidering more soil characteristics especially biological and
biochemical ones are recommended. Repeating the analysis
in the similar edaphic and climatic area will increase the
reliability of results.

Author contribution Samira Hemmati: methodology, software, data
curation, writing—original draft. Nafiseh Yaghmaeian: data curation,
writing—review and editing, methodology, software. Mohammad
Bagher Farhangi: methodology, data curation, writing—review and
editing, software. Atefeh Sabouri: data curation, writing—review and
editing, software.

Data availability The datasets generated during and/or analyzed dur-
ing the current study are available from the corresponding author on
reasonable request.

Declarations

Ethical approval and consent to participate Not applicable.

Consent to publish Not applicable.

Conflict of interest The authors declare no competing interests.

References

Abdelrahman MAE, Tahoun S (2019) GIS model-builder based on
comprehensive geostatistical approach to assess soil quality.
Remote Sens Appl Soc Environ 13:204-214

Andrews SS, Karlen DL, Mitchell JP (2002) A comparison of soil
quality indexing methods for vegetable production systems in
Northern California. Agric Ecosyst Environ 90(1):25-45

Arouna A, Fatognon IA, Saito K, Futakuchi K (2021) Moving toward
rice self-sufficiency in sub-Saharan Africa by 2030: lessons
learned from 10 years of the coalition for African rice develop-
ment. World Dev Perspect 21:100291

Armenise E, Redmile-Gordon MA, Stellacci AM, Ciccarese A, Rubino
P (2013) Developing a soil quality index to compare soil fitness
for agricultural use under different managements in the Mediter-
ranean environment. Soil till Res 130:91-98

Bai Z, Caspari T, Gonzalez MR, Batjes NH, Mider P, Biinemann EK,
de Goede R, Brussaard L, Xu M, Ferreira CS, Reintam E (2018)
Effects of agricultural management practices on soil quality: A
review of long-term experiments for Europe and China. Agric
Ecosyst Environ 265:1-7

Bandick A, Miller M, Dick RP (1994) Soil enzyme stability as an
indicator of soil quality. Agron Abs ASA, Madison, WI, p 292

Basak N, Datta A, Biswas S, Mitran T, Mandal B (2016) Organic
amendment influences soil quality in farmers’ field under rice

based cropping systems in Indo-Gangetic Plains of India. J Indian
Soc Soil Sci 64(2):138-147

Beylich A, Oberholzer HR, Schrader S, Hoper H, Wilke BM (2010)
Evaluation of soil compaction effects on soil biota and soil bio-
logical processes in soils. Soil till Res 109:133-143

Bhaduri D, Purakayastha TJ (2014) Long-term tillage, water and nutri-
ent management in rice-wheat cropping system: assessment and
response of soil quality. Soil till Res 144:83-95

Biswas S, Hazra GC, Purakayastha TJ, Saha N, Mitran T, Roy SS,
Mandal B (2017) Establishment of critical limits of indicators and
indices of soil quality in rice-rice cropping systems under different
soil orders. Geoderma 292:34-48

Bonanomi G, D’Ascoli R, Antignani V, Capodilupo M, Cozzolino L,
Marzaiooli R, Puopolo G, Rutigliano FA, Scelza R, Scotti R et al
(2011) Assessing soil quality under intensive cultivation and tree
orchards in Southern Italy. Appl Soil Ecol 47:184-194

Bremner J (1960) Determination of nitrogen in soil by the Kjeldahl
method. J Agr Sci 55:11-33

Carter MR (2002) Soil quality for sustainable land management:
organic matter and aggregation interactions that maintain soil
functions. Agron J 94(1):38-47

Cattell RB (1966) The Scree test for the number of factors. Multivariate
Behav Res 1:245-276

Cherubin MR, Karlen DL, Cerri CEP, Franco ALC, Trrmna CA, Davies
CA, Cerri CC (2016) Soil quality indexing strategies for evalu-
ating sugarcane expansion in Brazil. PLoS One 11(3):0150860

Choudhary M, Panday SC, Meena VS, Singh S, Yadav RP, Mahanta D,
Mondal T, Mishra PK, Bisht JK, Pattanayak A (2018) Long-term
effects of organic manure and inorganic fertilization on sustain-
ability and chemical soil quality indicators of soybean-wheat crop-
ping system in the Indian mid-Himalayas. Agric Ecosyst Environ
257:38-46

Coffin MD, Slaton NA (2020) Effect of low-use-rate zinc fertiliza-
tion on rice growth and grain yield. Agrosyst Geosci Environ
3(1):20016

Dengiz O (2020) Soil quality index for paddy fields based on standard
scoring functions and weight allocation method. Arch Agron Soil
Sci 66(3):301-315

Fahad S, Adnan M, Noor M, Arif M, Alam M, Khan IA, Ullah H,
Wahid F, Mian IA, Jamal Y, Basir A, Hassan S, Saud S, Riaz MA,
Wu C, Khan MA, Wang D (2019) Major constraints for global rice
production. In: Hasanuzzaman M, Fujita M, Nahar K, Biswas JK
(eds) Advances in Rice Research for Abiotic Stress Tolerance.
Elsevier, Cambridge, UK, pp 1-22

Finkenbein P, Kretschmer K, Kula K, Klotz S, Heilmeier H (2013)
Soil enzyme activities as bioindicators for substrate quality in
revegetation of a subtropical coal mining dump. Soil Biol Bio-
chem 56:87-89

Gee GW, Bauder JW (1986) Particle size analysis. In: Klute A
(ed) Methods of soil analysis Part 1, physical and mineralogi-
cal methods. Soil Science Society of America, Madison, pp
383-411

Govaerts B, Sayre KD, Deckers J (2006) A minimum data set for soil
quality assessment of wheat and maize cropping in the high-
lands of Mexico. Soil till Res 87(2):163-174

Grossman RB, Reinsch TG (2002) 2.1 Bulk density and linear
extensibility. In: Dick AW (ed) Methods of soil analysis: part 4
physical methods. Soil Science Society of America Book Series,
Madison, Wisconsin USA, pp 201-228

Hamidi Nehrani SH, Askari MS, Saadat S, Delavar MA, Taheri M,
Holden NM (2020) Quantification of soil quality under semi-
arid agriculture in the northwest of Iran. Ecol Indic 108:105770

Jahany M, Rezapour S (2020) Assessment of the quality indices of
soils irrigated with treated wastewater in a calcareous semi-arid
environment. Ecol Indic 109:105800

@ Springer



10296

Environmental Science and Pollution Research (2023) 30:10286-10296

Janssen M, Lennartz B (2007) Horizontal and vertical water and
solute fluxes in paddy rice fields. Soil till Res 94:133-141
Kaiser HF (1960) The application of electronic computers to factor
analysis. Educ Psychol Meas 20(1):141-151

Kawakami Y, Bhullar NK (2020) Delineating the future rice Fe bio-
fortification studies - overview of challenges and future perspec-
tives. J Exp Bot 72(6):2099-2113

Kemper WD, Rosenau RC (1986) Aggregate stability and size dis-
tribution. In: Klute A (ed) Methods of Soil Analysis. Part I:
Physical Analysis. SSSA, Madison, WI, pp 425-442

Knudsen D, Peterson GA, Pratt PF (1982) Lithium, sodium and
potassium. In: Page AL (ed) Methods of Soil Analysis. Part
2. America Society of Agronomy, Madison, WI, pp 225-246

Li P, Shi K, Wang Y, Kong D, Liu T, Jiao J, Hu F (2019) Soil qual-
ity assessment of wheat-maize cropping system with different
productivities in China: establishing a minimum data set. Soil
till Res 190:31-40

Li P, Zhang T, Wang X, Yu D (2013) Development of biological
soil quality indicator system for subtropical China. Soil till Res
126:112-118

Lima ACR, Brussaard L, Totola MR, Hoogmoed WB, de Goede
RGM (2013) A function evaluation of three indicator sets for
assessing soil quality. Appl Soil Ecol 64:194-200

Lindsay WL, Norvell WA (1978) Development of a DTPA soil
test for zinc, iron, manganese and copper. Soil Sci Soc Am J
42:421-428

Liu Z, Zhou W, Li S, He P, Liang G, Lv J, Jin H (2015) Assessing
soil quality of gleyed paddy soils with different productivities in
subtropical China. CATENA 133:293-302

LiuZ, Zhou W, Shen J, He P, Lei Q, Liang G (2014) A simple assess-
ment on spatial variability of rice yield and selected soil chemical
properties of paddy fields south China. Geoderma 235-236:39-47

Lopes AAC, Sousa DMG, Chaer GM, Junior FBR, Goedert WJ,
Mendes IC (2013) Interpretation of microbial soil indicators as
a function of crop yield and organic carbon. Soil Sci Soc Am J
77:461-472

Majumder B, Mandal B, Bandyopadhyay PK, Gangopadhyay A, Mani
PK, Kundu AL, Mazumder D (2008) Organic amendments influ-
ence soil organic carbon pools and crop productivity in a nineteen-
year-old rice-wheat agroecosystem. Soil Sci Soc AmJ 72:1-11

Mazzei L, Musiani F, Ciurli S (2020) The structure-based reaction
mechanism of urease, a nickel dependent enzyme: tale of a long
debate. J Biol Inorg Chem 25(6):829-845

McLean EO (1982) Soil pH and lime requirement. In: Page AL, Miller
RH, Keeney DR (eds) Methods of Soil Analysis, Part 2. Chemi-
cal and Microbiological Properties, vol 9, 2nd edn. ASA-SSSA,
Madison, WI, pp 199-224

Mei N, Yang B, Tian P (2019) Using a modified soil quality index
to evaluate densely tilled soils with different yields in Northeast
China. Environ Sci Pollut Res 26:13867-13877

Mendes IC, Sousa DMG, Dantas OD, Lopes AAC, Junior FBR,
Oliveira MI, Chaer GM (2021) Soil quality and grain yield: A
win-win combination in clayey tropical oxisols. Geoderma
388:114880

Nelson DW, Sommers LE (1982) Total carbon, organic carbon, and
organic matter. In: Page AL, Miller RH, Keeney DR (eds) Meth-
ods of soil analysis, part 2- chemical and microbiological proper-
ties. ASA-SSSA, Madison, WI, pp 539-594

Norman GR, Streiner DL (2008) Biostatistics: the bare essentials. Peo-
ple’s Medical Publishing House, Shelton, CT

Olsen SR, Cole CV, Watanabe FS, Dean LA (1954) Estimation of avail-
able phosphorus in soils by extraction with sodium bicarbonate.
Circular, Vol 939. Washington, DC: US Department of Agricul-
ture, pp 19

Pan SZ (1996) Characterization of gleyization of paddy soils in the
middle reaches of the Yangtze River. Pedosphere 6:111-119

@ Springer

Pishnamaz Amoli F, Mosaddeghi MR, Davatgar N, Chavoshi E, Torabi
Golsefidi H (2021) Effects of land use and reducing conditions
of paddy fields on soil quality and high energy moisture charac-
teristic structural stability indices in North of Iran. Paddy Water
Environ 19(3):433-451

Qi Y, Darilek JL, Huang B, Zhao Y, Sun W, Gu Z (2009) Evaluating
soil quality indices in an agricultural region of Jiangsu Province,
China. Geoderma 149(3-4):325-334

Rezaee L, Moosavi AA, Davatgar N, Sepaskhah AR (2020) Soil quality
indices of paddy soils in Guilan province of northern Iran: spatial
variability and their influential parameters. Ecol Indic 117:106566

Rezapour S, Nouri A, Jalil HM, Hawkins SA, Lukas SB (2021) Influ-
ence of treated wastewater irrigation on soil nutritional-chemical
attributes using soil quality Index. Sustain 13(4):1952

Richards LA (1954) Diagnosis and improvement of saline and alkali
soil. Agriculture Handbook 60. US Department of Agriculture,
Washington DC, pp 160

Rhoades JD (1982) Soluble salts. In: Page AL (ed) Methods of soil
analysis, part II, 2nd ed., ASA, Monograph No. 9, Madison, WI,
pp 167-179

Rose TJ, Impa SM, Rose MT, Pariasca-Tanaka J, Mori A, Heuer S,
Johnson-Beebout SE, Wissuwa M (2013) Enhancing phospho-
rus and zinc acquisition efficiency in rice: a critical review of
root traits and their potential utility in rice breeding. Ann Bot
112(2):331-345

Shahid M, Nayak AK, Shukla AK, Tripathi R, Kumar A, Mohanty S,
Bhattacharyya P, Raja R, Panda BB (2013) Long-term effects of
fertilizer and manure applications on soil quality and yields in a
sub-humid tropical rice-rice system. Soil Use Manage 29:322-332

Shan LI, Li QQ, Wang CQ, Bing LI, Gao XS, Li YD, Wu DY (2019)
Spatial variability of soil bulk density and its controlling factors in
an agricultural intensive area of Chengdu Plain, Southwest China.
J Integr Agric 18(2):290-300

Supriyadi SU, Purwanto PU, Sarijan AB, Mekiuw YO, Ustiatik RE,
Prahesti RR (2017) The assessment of soil quality at paddy fields
in Merauke, Indonesia. Bulgar J Agric Sci 23(3):443-448

Tian K, Zhang B, Zhang H, Huang B, Darilek JL, Zhao Y, Yang J
(2020) Evaluation of soil quality in major grain-producing region
of the North China Plain: integrating minimum data set and estab-
lished critical limits. Ecol Indic 117:106613

Vance ED, Brookes PC, Jenkinson DS (1987) An extraction method
for measuring soil microbial biomass carbon. Soil Biol Biochem
19:703-707

Virgilio ND, Monti A, Venturi G (2007) Spatial variability of switch-
grass (Panicum virgatum L.) yield as related to soil parameters in
a small field. Field Crop Res 101:232-239

Wei YC, Bai YL, JinJY, Yang LP, Zheng YAO, Xu SX, Luo GA, Wei
SONG, Zhu CM (2007) Sufficiency and deficiency indices of soil
available zinc for rice in the alluvial soil of the coastal yellow sea.
Rice Sci 14(3):223-228

Zhao Y, De Maio M, Vidotto F, Sacco D (2015) Influence of wet-dry
cycles on the temporal infiltration dynamic in temperate rice pad-
dies. Soil till Res 154:14-21

Zheng K, Cheng J, Xia J, Liu G, Xu L (2021) Effects of soil bulk den-
sity and moisture content on the physico-mechanical properties
of paddy soil in plough layer. Water 13(16):2290

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under
a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement and
applicable law.



	Soil quality assessment of paddy fields (in Northern Iran) with different productivities: establishing the critical limits of minimum data set indicators
	Abstract
	Introduction
	Materials and methods
	Study area, soil sampling, and analysis
	SQI assessment
	Selecting the MDS
	Indicator scoring
	Calculating soil quality index
	Determining critical limits

	Statistical analysis

	Results
	Soil attributes of two productivity levels
	Soil quality assessment
	Critical limits of MDS indicators and SQI

	Discussion
	Conclusion
	References


