
Immediate Soil Responses to Rice Straw Burning in 
Northern Iran’s Farmlands

ISSN: 2538-2152; ECOPERSIA 2026;14(1): 78-101.

A B S T R A C TA R T I C L E I N F O

Article Type
Original Research

Authors
Masoumeh Izadpanah Nashroodkoli, 
Ph.D. Student1*

Mahmoud Shabanpour, Ph.D.2 
Misagh Parhizkar, Ph.D.3

How to cite this article
Izadpanah Nashroodkoli M., 
Shabanpour M., Parhizkar M. 
Immediate Soil Responses to 
Rice Straw Burning in Northern 
Iran’s Farmlands. ECOPERSIA 
2026;14(1): 78-101.

DOI: 
10.48311/ecopersia.2026.118576.82873

1 Ph.D. Student, Faculty of 
Agricultural Sciences, University of 
Guilan, Rasht, Iran. 
2 Associate Professor, Faculty of 
Agricultural Sciences, University of 
Guilan, Rasht, Iran.
3 Assistant Professor, Rice Research 
Institute of Iran, Agricultural 
Research Education and Extension 
Organization (AREEO), Rasht, Iran. 

* Correspondence
Address: Agricultural Sciences, 
University of Guilan, Rasht 41635-
1314, Iran. 
Tel: +989118477534
Email: Izadpanahs@yahoo.com

Article History 
Received: October 1, 2025
Accepted: February 8, 2026
Published: February 12, 2026

Aims: Rice straw burning is a common practice in northern Iran. Therefore, examining its 
short-term effects on the physical and chemical properties of paddy soils in northern Iran 
is critical. The purpose of this study lies in its immediate pre–post fire sampling design, the 
use of PCA-based minimum data set (MDS) for SQI determination, and the development of a 
predictive SQI model tailored for paddy soils exposed to residue burning.
Materials & Methods: Soil samples were collected from the top 0–5 cm of burned and 
unburned paddy fields, after harvest. Several physicochemical indicators were analyzed, 
including organic Carbon (OC), soil moisture (SM), pH, electrical conductivity (EC), bulk 
density (BD), cation exchange capacity (CEC), and soil texture. The Soil Quality Index (SQI) 
was calculated from PCA-selected soil properties.
Findings: Soil properties showed significant changes following rice straw burning. OC 
and SM decreased sharply by approximately 33% and 34%, respectively, whereas pH and 
EC increased significantly by 13% and 56% (p < 0.01). These outcomes demonstrate that 
dynamic soil properties are more sensitive to burning than stable ones.
Conclusion: Burning rice straw impacts the topsoil of paddy fields by decreasing organic 
Carbon and soil moisture, while increasing pH and electrical conductivity. These changes 
cause a notable decline in the Soil Quality Index. Sustainable practices such as residue 
incorporation, composting, mulching, and soil moisture management are recommended 
to preserve soil health. These findings provide field-based quantitative evidence of the 
immediate degradation of soil quality caused by rice straw burning.
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Introduction
Rice is a primary staple food worldwide 
and provides an important source of 
nutrition for a large proportion of the 
global population [1].  It plays a vital role in 
agriculture and economies across numerous 
countries, particularly in Asia, where 
population projections indicate that the 
region will require approximately 8×106 t of 
rice annually [‎2]. Most rice paddy fields are 
located in Asia, and among the major rice-
producing countries, India and China are the 
two largest [‎3,4]. Iran, a major rice producer 
in the Middle East, is expected to increase 
production by 18% in 2024, reaching 
about 2.6 × 10⁶ t [5]. Most cultivation occurs 
in Northern provinces, including Guilan, 
Mazandaran, and Golestan, where the 
climate favors optimal growth [6]. 
Globally, rice production generates straw 
residues [7], presenting both significant 
challenges and opportunities for sustainable 
agricultural management. In response to 
these challenges, burning rice straw is a 
common, environmentally detrimental 
practice used for rapid field preparation [8,9]. 
Burning these residues results in significant 
alterations in soil properties, including a 
substantial reduction in microbial biomass 
and diversity [10]. The intense heat raises soil 
temperatures, reduces the abundance of key 
beneficial microorganisms such as bacteria 
and fungi, and alters the composition of 
microbial communities [11,12]. Furthermore, 
soil Nitrogen, phosphorus, and organic 
matter contents decrease by residue burning 
[13], while Potassium content often increases. 
This nutrient imbalance compromises soil 
fertility, as changes in soil characteristics, 
such as pH, can over time increase or decrease 
nutrient availability [14,15,16]. Beyond its local 
impacts, rice straw burning contributes 

to regional air pollution, greenhouse gas 
emissions, and the production of short-
lived climate forcers, making it a growing 
environmental concern across Asia and 
other rice-producing regions. Understanding 
the immediate soil responses to residue 
burning is therefore critical not only for local 
soil management but also for developing 
sustainable residue management strategies 
aligned with climate-smart agriculture.
Many studies have demonstrated the 
negative impacts of fire on soil characteristics 
and health [17, 18, 19, 20], particularly in the 
upper soil layers [21]. Fire can cause Carbon 
loss [22], accelerate soil moisture loss [23], and 
increase bulk density and reduce porosity 
[24]. These changes highlight the immediate 
physical effects on soil structure [25]. Despite 
the prevalence of rice straw burning in 
northern Iran, especially Guilan Province [26], 
short-term effects on soil physicochemical 
properties remain poorly understood [16]. 
Understanding these immediate effects is 
essential because short-term changes in 
soil properties can significantly affect crop 
productivity and long-term soil health. 
However, few studies have quantified these 
impacts in northern Iran. Stubble burning 
reduces soil fertility and deteriorates soil 
structure, potentially increasing erosion [27]. 
Alternative management strategies, such as 
incorporating residues into soil or using them 
as fuel, have been suggested to mitigate these 
effects [28]. This study combines immediate 
pre- and post–fire sampling with PCA-based 
MDS and a predictive SQI model to provide 
a quantitative assessment of short-term soil 
responses to rice straw burning.
This study examined changes in various soil 
properties and overall soil quality between 
burned and unburned soils in rice paddy 
field systems. The decline in soil quality 
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has been the primary outcome of recent 
practices, making these paddy fields suitable 
for this research. Previous studies show that 
leaving plant residues on the soil surface 
immediately after agricultural disturbance 
or fire significantly improves soil protection. 
The use of straw mulch has been widely 
reported as an effective method for limiting 
erosion, reducing runoff, and minimizing 
water loss through evaporation shortly after 
application across different agroecosystems 
[29]. Furthermore, an extensive review by 
Prosdocimi et al. [30] demonstrated that using 
vegetative mulches consistently enhances 
soil physical structure and hydrological 
performance by conserving soil moisture 
and organic matter.
Although the positive effects of straw 
mulching are well established, the burning 
of crop residues is still commonly practiced 
in rice-based agroecosystems, especially 
in northern Iran. The lack of quantitative 
information on the short-term consequences 
of this practice on soil quality underscores 
the need to evaluate the immediate soil 
degradation induced by straw burning, 
thereby providing a scientific basis for 
promoting alternative residue management 
strategies such as straw mulching in paddy 
fields. Understanding the immediate effects 
of rice straw burning is crucial for improving 
soil management practices.
The specific aims of the current study are to 
assess the short-term impacts of rice straw 
burning on soil physicochemical properties 
and to evaluate overall soil quality using 
the Soil Quality Index, including the 
development of a predictive SQI model for 
immediate post-fire soil conditions.  The 
findings of this investigation can identify 
the risks associated with rice straw burning 
in paddy fields and suggest appropriate 

management practices to minimize 
anticipated impacts. We hypothesize that 
burning rice straw reduces soil quality by 
altering key topsoil properties: organic 
Carbon and soil moisture decrease, while pH 
and electrical conductivity increase, leading 
to an overall decline in the Soil Quality Index. 
This study aims to provide a preliminary 
understanding of the short-term effects of 
fire on soil properties and to establish a basis 
for modeling fire impacts and maintaining 
soil health in paddy fields.
To the best of our knowledge, this is among 
the first studies to combine an immediate 
pre–post fire sampling design with a PCA-
based Soil Quality Index and predictive SQI 
modeling specifically for paddy soils affected 
by rice straw burning. However, quantitative 
evidence on the immediate post-fire effects 
of rice straw burning on paddy soils in 
northern Iran remains limited, particularly 
when using integrative indicators such as 
the Soil Quality Index.

Materials & Methods
Study Area
This section is organized in the order of 
the experiment’s steps, including the study 
area description, burning procedure, soil 
sampling, laboratory analyses, soil quality 
assessment, and statistical analyses.
The study was conducted in a paddy 
field in Sangar district, Guilan Province, 
Iran (37°16′85″ N, 49°68′23″ E), with a 
slope of 1–3% and a mean elevation of 29 
m, as shown in Figure 1. The area has a 
Mediterranean climate (Csa) with a mean 
annual precipitation of 1448 mm and a mean 
annual temperature of 17.7 °C. Soils are 
classified as udic and thermic according to 
U.S. Soil Taxonomy [31, 32], and the landscape 
consists of alluvial plains and lowlands [31], 

https://doi.org/10.1016/j.scitotenv.2015.04.076.
https://doi.org/10.1016/j.earscirev.2016.08.006
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with underlying metamorphic, volcanic, 
and sedimentary rocks. The Hashemi rice 
variety, common in Guilan, was cultivated, 
with typical protein and amylose contents 
of 8.91% and 21.38%, respectively [33, 

34, 35]. Farmers apply standard Nitrogen, 
phosphorus, and Potassium fertilizers, and 
rice straw is usually burned 20–25 days 
after harvest. 
Experimental Design and Burning 
Procedure of the Samples
In this study, 2 t.ha⁻¹ of rice straw was burned 
in September 2024, forming moderate 
fire patches covering approximately 2–3 
m², with manual burning to avoid vehicle-
induced soil compaction. This application 
rate corresponds to a mean straw density 
of roughly 0.2 kg.m-2; therefore, each fire 

patch contained approximately 0.4–0.6 
kg of rice straw. Rice straw was manually 
burned in 8 separate patches between 11:00 
and 12:30 am, with each patch ignited for 
approximately 2 minutes. Fires reached 
high intensities, with flame temperatures 
exceeding 1000 °C and flame lengths of 1.5–
3 m. [36, 37, 38]. The applied straw load and fire 
intensity are representative of common post-
harvest residue-burning practices among 
local farmers in northern Iran, where straw 
is typically burned manually to facilitate 
rapid field preparation.
Soil Sampling Strategy and Laboratory 
Analyses
To investigate the impact of burning, soil 
samples were collected at two time points: 
immediately before the burn and shortly 

Figure 1) Study area located in Sangar, Guilan Province, Northern Iran. (a) Map showing the geographical 
location of the study area within Iran (b) Photograph of a typical paddy field illustrating post-harvest rice straw 
burning, which is widely practiced by local farmers and is relevant to the environmental assessment of the study.
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after. The burned area ranged from 2 to 3 
m², and the resulting ash was included in 
the samples analyzed. In the paddy field, soil 
was randomly collected from the top 0–5 cm 
layer [39], with eight replicates per treatment. 
Soil samples were collected immediately 
after the fire patches were extinguished, 
within approximately 5–10 minutes, to 
capture the immediate effects of burning on 
soil properties. The focus on the 0–5 cm soil 
layer was selected because previous studies 
have demonstrated that both the adverse 
effects of fire and the protective effects of 
straw mulching are most pronounced in the 
soil surface immediately after disturbance 
[29, 30].
A systematic sampling strategy was used, 
where composite samples were created by 
mixing soil from multiple locations within 
the topsoil layer of the paddy field. All 
samples were air-dried, passed through a 
2 mm sieve, and stored under controlled 
conditions before laboratory analysis.
Laboratory Analyses of Soil Physico-
Chemical Properties
 Clay (Cl), silt (Si), and sand (Sa) contents 
were determined by sieving samples and the 
hydrometer method [40] to evaluate texture. 
The following physico-chemical properties 
were measured: organic Carbon (OC) using 
the Walkley-Black method [41]; soil pH and 
electrical conductivity (EC) were measured 
in a 1:1 soil: water suspension using a 
calibrated pH meter and conductivity meter, 
respectively [42]; bulk density (BD) was 
determined by the clod method, where soil 
clods were coated with paraffin and oven-
dried at 105°C until constant weight [43]; soil 
moisture content (SM) was measured at 5 cm 
depth using a portable soil moisture meter 
[39]; and cation exchange capacity (CEC) 
was determined according to Chapman [44], 

involving ammonium acetate saturation at 
pH 7 and subsequent displacement with 1 M 
KCl.
Soil Quality Index (SQI) Calculation Using 
a PCA-Based Minimum Data Set
The PCA-based minimum data set approach 
was selected to reduce redundancy among soil 
variables while retaining the most sensitive 
indicators of short-term fire disturbance. 
The overall soil quality index for each studied 
condition (burned and unburned soils) was 
evaluated using the well-known Soil Quality 
Index (SQI) [45]. In more detail, at the beginning 
of the analysis, a Principal Component 
Analysis (PCA) was applied to the measured 
soil variables to choose a Minimum Data 
Set (MDS) of ‘indicators’ of soil quality. PCA 
was performed by standardizing the original 
variables (expressed in different units) and 
computing the correlation matrix using 
Pearson’s method. The first components, 
explaining at least 75% of the original 
variance, were retained. The indicators were 
identified as highly weighted variables (i.e., 
those with loadings within 10% of the highest 
factor loading or ≥ 0.40) retained for each PC 
[46]. After that, these variables were converted 
to ‘scores’ using a linear transformation 
and ranked in ascending or descending 
order, depending on whether higher values 
indicated ‘good’ or ‘poor’ soil function. For 
‘more is better’ variables, each indicator was 
divided by the highest measured value (thus, 
the highest measured value received a score of 
one). Conversely, for ‘less is better’, the lowest 
measured value was divided by each measure 
in the denominator (the lowest measured 
value thus received a score of one) [45]. After 
that, the scores of measured indicators at each 
sampling point were weighted using the PCA 
loadings. The eigenvalue percentage for each 
principal component was used as the weight 

https://doi.org/10.3390/biology12040501
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for each score. At the end of the analysis, 
the weighted scores for each sampling point 
were summed, and the mean for each studied 
condition (burned and unburned soils) was 
calculated. Linear scoring functions were 
selected for their simplicity, transparency, and 
widespread use in soil quality assessments, 
particularly for short-term, management-
induced changes. The PCA threshold 
values were chosen to retain the majority 
of the system’s variance while minimizing 
redundancy among indicators.
Statistical Analyses 
Statistical analyses were performed to 
compare pre- and post-burning values, using 
paired t-tests to assess significant differences 
at the 99% confidence level after checking the 
data’s normality. The Shapiro-Wilk and Levene 
tests were used to assess the assumptions of 
the t-test: equality of variances and normality 
of the data, respectively. The PCA was also 
used to calculate the SQI by selecting fewer 
soil property derivatives while retaining as 
much information as possible. At the end of 
the analyses, soil conditions were assessed 
using the Agglomerative Hierarchical 
Cluster Analysis (AHCA) [47]. The accuracy 
of the established model based on soil 
characteristics was evaluated using the 
coefficient of determination (R2), the Nash 
and Sutcliffe efficiency (NSE), and the root 
mean square error (RMSE). In this study, 
data analysis was conducted using the Origin 
(Pro) software (release 2025, OriginLab 
Corporation, Northampton, MA, USA).

Findings
Effects of Burning on Soil Physical and 
Chemical Properties
All of the examined soil properties showed 
significant differences between the two 
conditions (p < 0.01), except for bulk density, 

cation exchange capacity, and soil texture 
components. Significant physical and chemical 
changes associated with soil burning are 
summarized in Table 1.

Table 1) Comparison of selected physical and 
chemical properties of unburned and burned soils in 
the study area.

Soil Properties
Conditions

Unburned Soil Burned Soil

SM (%) 32.37 ± 1.85a 21.62 ± 1.85b

OC (%) 2.11 ± 0.07a 1.41 ± 0.13b

BD (g.cm-3) 1.44 ± 0.03a 1.47 ± 0.02a

pH (1:1) 6.97 ± 0.13b 7.94 ± 0.06a

EC (dS.m-1) 1.88 ± 0.08b 2.94 ± 0.05a

CEC (cmol.kg-1) 31.99 ± 0.54a 33.97 ± 0.57a

Sa (%) 27.30 ± 0.21a 29.43± 0.10a

Si (%) 35.00 ± 0.43a 33.35 ± 0.21a

Cl (%) 37.70 ± 0.22a 37.23 ± 0.11a

Texture Clay Loam Clay Loam

Notes: SM = soil moisture; OC = organic Carbon; BD = bulk 
density; EC= electrical conductivity; CEC = cation exchange 
capacity; Sa = sand; Si = silt; Cl = clay.

More specifically, SM and OC were higher 
in the unburned soil than in the burned 
soil. The latter condition showed higher pH 
and EC (7.94 ± 0.06 and 2.94 ± 0.05 dS.m-1, 
compared with 6.97 ± 0.13 and 1.88 ± 0.08 
dS.m-1 in unburned soils). Finally, BD, CEC, 
and the contents of sand, silt, and Clay did 
not differ significantly between burned and 
unburned soils. The relative deviation of the 
soil variables is presented in Table 2. Soil 
moisture and organic Carbon exhibited the 
most significant deviation values, indicating 
that these properties responded more 

https://doi.org/10.1016/j.foreco.2019.117700
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strongly to the burning event and showed 
greater short-term variability than the more 
stable physical parameters.
Determining the Effects of Soil Properties
The PCA identified two principal components 
that accounted for 92.85% of the total 
variance (83.58% for PC1 and 9.27% for 
PC2). PC1 clearly separates burned from 
unburned soils, mainly due to substantial 
contributions from OC, SM, pH, and EC, 
indicating that these properties are the key 
drivers of post-fire differences. PC2 was 
primarily influenced by BD, reflecting its 
lower sensitivity to burning compared with 
the variables grouped along PC1 (Figure 
2a). The AHCA clustered the soil samples in 
non-homogeneous groups. In this analysis, 
two classes of soil samples were clearly 
distinguished by soil properties. All samples 
related to burned soils were grouped into a 
single class (class 1). However, the samples 
from unburned soils fell into class 2 as 
presented in Figure 2b.

Table 2) The relative deviation of soil properties in 
the studied paddy field.

Soil Properties Relative deviation (%)

SM (%) 21.60

OC (%) 21.43

BD (g.cm-3) 2.13

pH (1:1) 6.84

EC (dS.m-1) 22.98

CEC (cmol.kg-1) 3.49

Sa (%) 3.91

Si (%) 2.67

Cl (%) 0.79

Notes: SM = soil moisture; OC = organic Carbon; BD = bulk 
density (BD); EC= electrical conductivity; CEC = cation 
exchange capacity; Sa = sand; Si = silt; Cl = clay.

Figure 2) Results of multivariate statistical analyses 
applied to soil properties measured in samples collected 
under the studied conditions. (a) Principal Component 
Analysis (PCA) illustrating the relationships among 
soil variables along the first two principal components 
(PC1 and PC2). (b) Agglomerative Hierarchical Cluster 
Analysis (AHCA) depicts the clustering pattern of soil 
samples based on their physicochemical properties. 
SM, soil moisture; OC, organic Carbon; BD, bulk density; 
EC, electrical conductivity; CEC, cation exchange 
capacity; Sa, sand; Si, silt; Cl, clay.

Comparison of Soil Quality Index (SQI) 
between Burned and Unburned Soils
The SQI analysis indicated that nearly half of 
the soil properties significantly influenced 
soil quality, particularly soil moisture and 
organic Carbon content, as indicated by the 
MDS method (Figure 3). The unburned soil 
showed a significantly (p < 0.001) higher 
SQI (2.12 ± 1.20) compared to burned soil 
(1.20 ± 0.20), based on the considerable 
impacts of soil moisture and soil organic 
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Carbon on this index (both variables had a 
significant loading on the first PC with high 
loadings, 0.93 and 0.94, respectively). 

Figure 3) Distribution of the Soil Quality Index (SQI) 
for soils under unburned and burned conditions 
as illustrated by box plots. Boxes indicate the 
interquartile range around the median, while 
whiskers represent data variability. A significant 
difference in SQI was detected between the two soil 
conditions (p < 0.01).

Soil Quality Index Modelling Based on 
Soil Physico-Chemical Properties
Figure 4 presents a Pearson correlation 
heatmap illustrating the strength and 
direction of correlations between the Soil 
Quality Index (SQI) and key soil properties 
under unburned and burned conditions. 
The SQI showed positive correlations with 
organic Carbon and soil moisture, and 
negative correlations with soil pH and 
electrical conductivity (p ˂ 0.01). Therefore, 
the mentioned soil properties were used to 
model the soil quality index. The suggested 
model for estimating soil quality index is the 
following:

SQI= +0.719 0C+0.003 SM−0.102 PM−0.244 
EC+1.664                                                              Eq. (1)

where SQI is soil quality index, OC is organic 
Carbon (%), SM is soil moisture (%), and EC 
is electrical conductivity (dS.m-1).

Figure 4) Pearson correlation heat map illustrating 
the correlations between the Soil Quality Index (SQI) 
and main soil properties measured in unburned 
and burned soils. The color scale indicates the 
magnitude and sign (positive or negative) of 
Pearson correlation coefficients. Abbreviations: 
SM, soil moisture; OC, organic Carbon; BD, bulk 
density; EC, electrical conductivity; SQI, Soil 
Quality Index.

Figure 5 compares observed and predicted SQI 
values, demonstrating the model’s predictive 
performance using key soil properties. The 
model showed strong predictive ability for 
the dependent variable (R2 = 0.88 for the soil 
quality index), with predicted values very 
close to the 1:1 line. Moreover, the RMSE and 
NSE indices were within acceptable ranges 
for this equation, as presented in Table 3.

Figure 5) Comparison between observed and 
predicted Soil Quality Index (SQI) values obtained 
using a prediction model based on organic Carbon, 
soil moisture, pH, and electrical conductivity.
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Discussion
Effects of Burning on Soil Physical and 
Chemical Properties
These results confirm that dynamic soil 
properties are susceptible to short-term fire 
disturbances.  Reductions in soil moisture 
and organic Carbon after burning likely 
reflect direct water loss and rapid oxidation 
of surface residues, while increases in pH 
and electrical conductivity result from ash-
derived soluble alkalinity as presented in 
Table 1. These shifts highlight that even 
brief rice straw fires can markedly alter 
dynamic soil quality parameters, affecting 
fertility and water retention, consistent 
with observations in Mediterranean and 
Southeast Asian paddy soils [11, 23].
The significant reduction in soil moisture is 
attributable to both the direct thermal loss of 
water during combustion and the removal of 
straw mulch. In the latter case, straw mulch 
can act as an insulating layer, retaining 
moisture and reducing evaporation [48]. The 
destruction of surface residues exposes 
the soil to increased evaporative losses, 
compounding the moisture deficit. This 
mechanism aligns with a previous study that 
showed how fire can induce hydrophobicity 
and alter soil water dynamics, particularly 
in semi-arid regions [49]. Similar moisture 
reductions following biomass burning 
have been reported in paddy systems of 
Thailand [37], Mediterranean heathlands [50], 
and forest ecosystems [51], where fire was 

shown to increase soil water repellency and 
reduce infiltration. Furthermore, Kumar 
et al. [12] found that soil moisture content 
declined by more than 8.72% after burning, 
underscoring the rapid impact of combustion 
on soil hydrological function. 
Similarly, the decline in organic Carbon 
content observed in burned soils can be 
explained by the rapid oxidation of rice straw 
and loose surface organic Carbon during 
combustion. In this study, organic Carbon 
decreased from 2.11 ± 0.07% in unburned 
soils to 1.41 ± 0.13% in burned soils, 
representing a reduction of approximately 
33%, which confirms the sensitivity of 
surface and native organic Carbon to the fire 
event under local conditions. This results 
in the release of Carbon as CO2, leaving 
behind mineral ash with minimal residual 
char. Another study has demonstrated that 
open-field burning of crop residues results 
in significant reductions in soil organic 
matter, thereby diminishing soil structure, 
aggregate stability, and nutrient cycling 
[52]. Organic matter serves as a critical 
binding agent in soil aggregation processes 
[53]; its loss therefore compromises both 
structural stability and microbial habitat, 
although aggregate stability was not directly 
measured in this study. In the present study, 
the substantial reduction in organic Carbon 
suggests that fire intensity or post-fire soil 
conditions (e.g., low moisture, complete 
combustion) were sufficient to oxidize not 

Table 3) Assessing the ability of an established model from soil properties for predicting the soil quality index.

Studied Variable
Mathematical Statistics Accuracy Index

Mean Max Min Std. Dev. R2 NSE RMSE

SQI
Observed 1.66 2.40 0.98 0.51

0.88 0.88 0.16
Predicted 1.65 2.16 1.05 0.45

Note: SQI = Soil quality index and Std. Dev. = Standard Deviation.

https://doi.org/10.1007/s00442-004-1788-8
https://doi.org/10.1038/s41561-024-01563-6
https://doi.org/10.3390/biology11101453
https://doi.org/10.1007/s11676-023-01633-2
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only surface residues but also portions of 
native soil organic Carbon. This contrasts with 
findings by Arunrat et al. [39], who reported 
no significant change in soil organic Carbon 
content immediately after straw burning in 
Thailand, likely due to lower fire severity 
or soil moisture buffering. Thus, our results 
emphasize the sensitivity of soil organic 
Carbon pools to local fire conditions and 
residue loads. The immediate decline in soil 
moisture and organic Carbon following rice 
straw burning highlights the vulnerability 
of exposed soil surfaces after residue 
removal. Previous studies have shown that 
maintaining surface residues, such as straw 
mulch, can help preserve soil moisture and 
organic matter by providing protective cover 
and reducing evaporation  .The application 
of straw reduced sediment concentration in 
runoff from 9.8 to 3.0 g .L⁻¹, sediment yield 
from 70.34 to 15.62 g, and soil erosion rate 
from 2.81 to 0.63 Mg.ha⁻¹. h⁻¹  [29, 30].  These 
observations underscore the importance of 
adopting alternative residue-management 
practices in paddy fields to mitigate short-
term soil degradation caused by residue 
burning.
Unlike the soil properties mentioned above, 
pH and EC increased significantly in burned 
soils, primarily due to ash deposition. Ash 
from rice straw burning is rich in alkaline 
elements, including Calcium, Potassium, 
and Magnesium. The increase in soil pH is 
due to the presence of alkaline and alkaline-
earth elements (Ca2+, Mg2+, K+, Na+) in the 
soil solution. This is a well-documented 
outcome of fire-induced alkalinization [39, 

50, 54]. Our results revealed a significant shift 
toward alkalinity in burned soils, consistent 
with other reports of post-fire pH increases, 
such as a pH rise from 6.2 to 7.5 following 
experimental burning in Mediterranean 

heathlands [12, 50]. Elevated EC in burned soils 
further supports this mechanism, reflecting 
an accumulation of soluble salts derived 
from ash inputs. Rice straw ash contains 
abundant Potassium, Carbonates, and other 
soluble ions that contribute to short-term 
salinization, as observed in similar residue-
burning studies [55].

Despite these substantial changes, no 
statistically significant differences were 
detected in bulk density, cation exchange 
capacity, and soil texture. This shows that the 
fire intensity was insufficient to alter these 
more stable properties, or that the short 
time between burning and sampling did not 
allow sufficient time for detectable changes 
to manifest. Data from the present research 
showed that bulk density did not change 
significantly after burning, with values of 
1.44 ± 0.03 g·cm⁻³ in unburned soils and 
1.47 ± 0.02 g · cm⁻³ in burned soils (Table 
1). This indicates that the fire intensity and 
short duration were insufficient to alter this 
relatively stable physical property, despite 
the observed reductions in organic Carbon 
and soil moisture. Changes in bulk density 
are likely limited to the immediate surface 
layer and may also depend on post-fire 
soil conditions, soil type, and mechanical 
disturbances such as tractor operations [19, 56].

Soil texture remained stable (clay Loam), and 
CEC showed no significant change (31.99 ± 
0.54 vs. 33.97 ± 0.57 cmol.kg⁻¹), indicating 
that inherent soil properties are resilient 
to short-term fire. Despite the decline in 
organic Carbon, residual organic matter 
and Clay maintained sufficient adsorption 
capacity, consistent with the findings of 
Fonseca et al. [57].

Determining the Effects of Soil Properties
To elucidate how fire influences key soil 
properties and their interactions, multivariate 

https://doi.org/10.3390/biology12040501
https://doi.org/10.1016/j.scitotenv.2015.04.076.
https://doi.org/10.1016/j.earscirev.2016.08.006
https://doi.org/10.3390/biology12040501
https://doi.org/10.1016/j.geoderma.2011.05.017
https://doi.org/10.1111/sum.12224
https://doi.org/10.1016/j.eti.2019.100469
https://doi.org/10.1016/j.geoderma.2011.05.017
https://doi.org/10.3923/ajar.2011.223.233
https://doi.org/10.1002/ldr.5593
https://doi.org/10.1001.1.23222700.2014.2.4.2.5
https://doi.org/10.1016/j.geoderma.2017.06.018
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analyses were applied to integrate the combined 
effects of soil moisture, organic Carbon, and 
other physicochemical parameters across 
treatments. Principal Component Analysis 
(PCA) revealed that soil moisture and organic 
Carbon were the dominant contributors to 
the observed variance, as shown in Figure 2a. 
highlighting their central role in differentiating 
burned and unburned soils. The first principal 
component clearly separated burned from 
unburned treatments, indicating that these 
key properties shift systematically following 
fire disturbance. Agglomerative Hierarchical 
Cluster Analysis (AHCA) further supported 
this pattern by grouping soil samples into two 
distinct clusters corresponding to burned and 
unburned conditions.
Similar multivariate responses of soil 
properties to fire have been widely reported 
in previous studies. Fire-induced combustion 
and thermal alteration of organic matter 
commonly result in significant reductions in 
soil organic Carbon, which, in turn, affect soil 
structure, aggregation, and water retention 
capacity [11]. Moreover, comprehensive 
reviews have shown that soil organic Carbon 
and moisture are frequently key drivers 
of post-fire variability across different 
ecosystems and fire intensities [58]. These 
findings are consistent with our results, 
indicating that moderate-intensity rice 
straw burning rapidly alters fundamental 
soil physicochemical relationships.
Overall, the observed multivariate 
patterns suggest that fire induces a rapid 
reorganization of soil properties by 
depleting organic Carbon and modifying 
soil moisture dynamics. The application of 
PCA and AHCA provides a robust analytical 
framework for identifying these integrative 
shifts and linking short-term fire effects to 
well-established soil ecological processes.

Comparison of Soil Quality Index (SQI) 
Between Burned and Unburned Soils
The observed reduction in the Soil Quality 
Index in burned soils highlights how residue 
removal disrupts the soil’s protective 
mechanisms and overall functionality, as 
presented in Figure 3  .This emphasizes 
the importance of immediate residue 
management strategies to maintain soil 
resilience under fire-affected conditions. 
Soil Quality Index provided an integrated 
measure of these changes and confirmed a 
substantial reduction in overall soil health 
following rice straw burning. The 43% 
decrease in SQI was driven primarily by 
reductions in soil moisture and organic 
Carbon contents, reaffirming the importance 
of these parameters in maintaining soil 
function and ecosystem services. This is 
consistent with other studies showing that 
SQI is sensitive to management-induced 
losses of organic inputs and water retention 
capacity [59, 60]. 
Taken together, the findings of this study 
demonstrate that even a single short-duration 
rice straw-burning event can significantly 
affect critical soil quality variables, such as 
organic Carbon and soil moisture, leading to 
measurable degradation of overall soil quality. 
The lack of significant changes in cation 
exchange capacity, bulk density, and texture 
further suggests that the immediate impacts of 
fire are more pronounced on dynamic rather 
than inherent soil properties. This emphasizes 
the vulnerability of agroecosystems in 
northern Iran to the adverse effects of 
biomass burning. Additionally, soil quality 
is influenced by vegetation composition and 
stand structure, underscoring the importance 
of assessing short-term disturbances, such as 
rice straw burning, in northern Iran [61]. Root 
characteristics and soil properties, such as 
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increased root diameter, organic matter, and 
plasticity, have also been shown to reduce 
soil detachment and erosion risk, serving 
as reliable indicators of soil resilience to 
disturbances [62]. Given that organic Carbon 
and moisture play fundamental roles in 
supporting soil biological activity, structural 
integrity, and nutrient retention [63, 64, 65], their 
depletion poses long-term risks to agricultural 
sustainability. Therefore, sustainable 
alternatives, such as incorporating residues 
into the soil, composting, or converting 
residues to biochar, should be prioritized to 
prevent irreversible declines in soil functions 
and to ensure the resilience of paddy systems 
under intensifying land-use pressures.
Soil Quality Index Modelling Based on 
Soil Physico-Chemical Properties
The empirical model for SQI showed that 
organic Carbon (OC) and soil moisture (SM) 
positively influenced soil quality, whereas pH 
and electrical conductivity (EC) negatively 
affected it. Specifically, OC in Eq. (1) had the 
highest impact (coefficient = 0.719), followed 
by SM (0.003), whereas pH and EC decreased 
SQI by 0.102 and 0.244, respectively. This 
highlights that variations in OC and SM are 
the main drivers of differences in soil quality 
between burned and unburned soils [66].

The proposed model concerns changes 
in soil properties immediately after fire, 
which have been observed in Mediterranean 
climates. The conditions under which this 
equation is valid include soils in paddy 
field systems with high organic Carbon. 
However, to apply the model at other scales, 
alternative mathematical relationships need 
to be tested to assess the long-term impacts 
of fire on paddy field systems.

Conclusion
The investigation has shown that soil 

properties can be modified by fire in paddy 
fields in Iran’s northern Guilan Province. 
Although the soil textures of the studied 
soils were similar, organic Carbon and soil 
moisture were significantly different before 
and after fire, as we hypothesized. Soil organic 
Carbon and soil moisture were positively 
correlated with soil quality. Conversely, soil 
pH and electrical conductivity were negatively 
correlated with soil quality. The observed 
changes in key soil properties confirm our 
hypothesis: organic Carbon and soil moisture 
decreased by approximately 33% and 34%, 
while pH and electrical conductivity increased 
by 13% and 56%, respectively, following rice 
straw burning. These alterations led to a 
measurable decline in the Soil Quality Index, 
indicating a significant reduction in soil 
quality. Therefore, the research hypothesis is 
accepted, and the established SQI model, based 
on these four properties, reliably reflects the 
impact of burning on paddy soils. Rice straw 
burning markedly affects the topsoil of paddy 
fields, causing reductions in organic Carbon 
and soil moisture, along with increases in pH 
and electrical conductivity. These changes 
collectively lead to a significant decline in 
the Soil Quality Index, demonstrating the 
sensitivity of dynamic soil properties to fire. 
To mitigate these adverse effects and maintain 
soil health, several practical measures are 
recommended: incorporating rice residues 
into the soil rather than burning them; 
applying compost or biochar to replenish 
organic matter; maintaining optimal 
moisture levels during the cropping season; 
and minimizing mechanical disturbances, 
such as repeated tractor traffic. Adoption of 
these strategies can enhance soil resilience 
and support sustainable management of 
paddy fields. These findings provide clear 
evidence that burning rice straw immediately 
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impairs soil quality, highlighting the need for 
alternative residue management practices, 
such as straw mulching, to sustain soil health 
in paddy fields. It should be noted that the 
present findings primarily reflect immediate 
post-fire effects and may differ from medium- 
or long-term soil responses. Future research 
should focus on long-term soil recovery, 
repeated burning cycles, and the integration 
of biological indicators to better inform 
sustainable residue management strategies 
in paddy systems. Adoption of these strategies 
can enhance soil resilience and support 
sustainable management of paddy fields. 
These findings highlight the vulnerability of 
paddy topsoil to short-term fire disturbance 
and support the urgent adoption of alternative 
residue management practices. 
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