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Introduction

Nowadays, the application of variable-rate fertilization is primarily based on soil analysis maps. These maps
play a crucial role in decision-making for fertilizer management and the optimization of plant nutrient use.
However, the sampling distance is often determined without considering the spatial variability of soil properties,
which can lead to reduced map accuracy and inappropriate fertilization recommendations. Previous studies have
shown that the density and spacing of soil samples have a significant impact on the accuracy of geostatistical
models and the quality of maps produced using methods such as kriging. Moreover, soil management practices,
including varying fertilizer application patterns, crop rotation, and historical land use, can strongly influence the
spatial patterns of soil nutrients. Therefore, investigating the effect of sampling distance on the spatial distribution
of major soil nutrients, particularly available potassium, can help optimize soil sampling and provide more precise
recommendations for variable-rate fertilization. The present study aimed to examine the effect of sampling
distance on the spatial structure of available potassium in the agricultural soils of the Shahrekord Plain.

Material and Methods

For this purpose, 120 soil samples were collected using a regular grid sampling design with a spacing of 1335
meters from the surface layer of agricultural soils in the Shahrekord plain, covering an area of 21400 ha, and the
available potassium content was determined in the laboratory. Descriptive statistics of the data, including the
minimum, maximum, mean, median, coefficient of variation, and skewness of the variable, were calculated, and
the normality of the data distribution was assessed using histograms and the Kolmogorov—Smirnov test. The
experimental variogram of available potassium was constructed, and various theoretical models were fitted to it.
Subsequently, the variogram parameters and the spatial dependency class of the variable were determined. Model
validation was performed by adjusting the initial parameters so that the final optimized model had a mean error
(ME) close to zero and a minimum mean squared error (MSE). Ordinary kriging in ArcGIS 10.3 was then used to
produce maps of available potassium.

Results and Discussion

The available potassium in the soils ranged from 120 to 812 mg kg~ ¢, with a coefficient of variation of 38.2%.
The data were not normally distributed; however, the log-transformed data followed a normal distribution.
Geostatistical analysis indicated that the exponential model best fitted the data. The nugget effect was 0.108, and
the range of this variable was estimated at 53300 meters, indicating that the selected sampling distance is much
smaller than the spatial variability range; therefore, the sampling distance appears to be sufficient. However, the
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exponential variogram is nearly flat at short distances, showing little change in semivariance, which reflects the
influence of strong soil management practices, such as varying fertilizer application patterns, crop rotation, and
historical land use, on data dispersion. The spatial dependence of the studied variable was 50.2%, which falls into
the moderate spatial dependence class. The mean error (ME) of the estimated available potassium was —0.0008,
and the mean squared error (MSE) was 0.011, indicating the unbiasedness and high accuracy of the estimation.
The maps produced using the kriging method exhibited acceptable accuracy. This was achieved despite the
increased variability at short distances and the disruption of regular spatial patterns caused by intensive soil
management practices.

Conclusion

According to the findings, using an appropriate sampling distance is essential to accurately represent the spatial
variability of major soil nutrients, particularly potassium. The findings of this study indicated that the current
sampling distance is not sufficient to accurately represent the spatial variability of available potassium in the soils
under investigation. Therefore, for future studies, it is recommended to investigate the effect of sampling distance
at distances shorter than 1,335 meters to evaluate the model sensitivity and the accuracy of kriging maps at larger
scales. This can help optimize soil sampling and provide more precise recommendations for variable-rate fertilizer
application. Furthermore, it is recommended that future studies also consider the role of soil management practices
in the spatial modeling of potassium, as these factors can strongly influence the spatial distribution of soil nutrients.
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Introduction

Increasing pressure on limited water resources, pronounced climatic variability, and the growing demand for
agricultural production have made accurate agroclimatic assessment an essential component of sustainable
agriculture in Iran. Identifying homogeneous agroclimatic zones enables more efficient resource management,
optimized cropping calendars, and reduced production risk under variable environmental conditions. Agro-
ecological zoning (AEZ) provides a scientific framework to integrate climatic, topographic, and crop phenological
factors in order to delineate areas with similar production potential. Barley (Hordeum vulgare L.), as one of Iran’s
major cereal crops, plays a vital role in food security, livestock feed supply, and agricultural livelihoods. Barley
yield and stability are highly sensitive to planting date and length of the growing period, both of which are directly
influenced by climatic gradients, elevation, and rainfall patterns. Despite the importance of these parameters,
national-scale agroclimatic zoning of barley based explicitly on planting date and growing period has received
limited attention. Therefore, this study aimed to delineate agroclimatic zones for barley cultivation across Iran
using advanced spatial interpolation and clustering techniques, providing a decision-support tool for sustainable
crop planning.

Materials and Methods

This study adopted a spatial-analytical approach at the national scale of Iran. Point-based data on barley
planting date and length of the growing period were obtained from the national Water Requirement System and
related agroclimatic databases, covering approximately 790 stations distributed across the country. These data
represent long-term average conditions relevant to barley phenology. To transform discrete point data into
continuous spatial surfaces, the Empirical Bayesian Kriging Regression Prediction (EBK-RP) method was
employed. This geostatistical technique combines regression modeling with Empirical Bayesian Kriging, allowing
automatic estimation of semivariogram parameters and improved uncertainty handling, particularly in regions with
sparse observations. Elevation derived from a digital elevation model (DEM) was incorporated as a covariate to
enhance spatial prediction accuracy. The resulting raster layers for planting date and growing period length were
then classified using the K-means clustering algorithm, a widely used unsupervised machine learning technique.
The optimal number of clusters for each variable was determined using the elbow method based on within-cluster
sum of squares (WCSS). Three clusters were identified for planting date and four clusters for growing period
length. Finally, the classified layers were overlaid and combined to generate homogeneous agroclimatic zones for
barley cultivation. To improve spatial coherence and reduce classification noise, focal statistics with a majority

Authors retain the copyright. This is an open access article distributed under Creative Commons
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filter were applied.

Results and Discussion

The spatial distribution of barley planting dates and growing period lengths exhibited strong correspondence
with Iran’s climatic and altitudinal gradients. Early planting dates were predominantly observed in the humid
Caspian coastal region and parts of western and northwestern Iran, where higher precipitation, moderate
temperatures, and lower frost risk prevail. In contrast, delayed planting was common in the arid and semi-arid
central, eastern, and southeastern regions, reflecting dependence on late and irregular rainfall events. The length
of the growing period showed an inverse relationship with temperature and aridity. Longer growing seasons
(approximately 230-300 days) were identified in high-altitude and humid regions such as the Caspian lowlands,
Alborz and Zagros mountain ranges, and western provinces. Shorter growing periods (around 120-170 days)
characterized the hot, dry southern and eastern regions, where high temperatures and moisture stress accelerate
crop development and shorten phenological stages. The integration of planting date and growing period classes
resulted in twelve agroclimatic zones for barley cultivation. Among these, zones characterized by early to
intermediate planting and moderate to long growing periods demonstrated the highest suitability for barley
production. These zones are mainly located in northern, western, and parts of northwestern Iran, where climatic
conditions provide more stable growth environments. Conversely, zones with late planting and short growing
periods, largely distributed across central, eastern, and southeastern Iran, were identified as high-risk areas with
significant climatic limitations for barley cultivation. These findings highlight the dominant role of climate,
elevation, and moisture availability in shaping barley phenology and production potential. The spatial patterns
observed are consistent with previous agro-ecological zoning studies in Iran and other semi-arid regions,
reinforcing the reliability of the applied methodology.

Conclusion

This study demonstrated that integrating advanced geostatistical modeling (EBK Regression Prediction) with
unsupervised clustering (K-means and elbow method) provides a robust framework for national-scale agroclimatic
zoning of barley. The results clearly indicate that barley planting date and length of the growing period in Iran are
strongly controlled by climatic—altitudinal gradients. Only a limited portion of the country—primarily humid and
semi-humid northern and western regions—offers high and stable potential for sustainable barley production,
while large arid and semi-arid areas face substantial climatic constraints. The derived agroclimatic zones can serve
as a strategic decision-support tool for policymakers, planners, and extension services. They facilitate optimized
cropping calendars, targeted selection of barley cultivars, improved water resource management, and risk reduction
under climate variability. Ultimately, applying such zoning-based approaches can enhance productivity, promote
sustainable land use, and support long-term food security in Iran.

Keywords: Agro-ecological zones, Barley, EIbow method, Empirical Bayesian Kriging, K-Means, Regression
prediction
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Figure 2— Plot of WCSS variations versus the number of clusters
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Introduction

Precipitation is a fundamental component of the hydrological cycle and plays a vital role in water resource
management, agriculture, ecosystem sustainability, hydropower generation, disaster mitigation, and urban
planning. Accurate rainfall prediction is essential for effective water allocation, flood and drought risk
management, and the development of early warning systems, thereby reducing potential damages to human
communities and infrastructure. In agriculture, reliable precipitation forecasts support optimal planting schedules
and resource management, leading to increased productivity and reduced weather-related losses. Furthermore,
rainfall prediction is crucial for reservoir operation and sustainable long-term water resource planning.

Due to the limited spatial coverage of ground-based meteorological stations, satellite-based precipitation
products have gained increasing attention as reliable alternatives for regional-scale rainfall analysis. Among
these, the Climate Hazards Group InfraRed Precipitation with Stations (CHIRPS) dataset is widely recognized
for its extensive spatial coverage, relatively high accuracy in arid and mountainous regions, and free
accessibility. CHIRPS integrates satellite observations with ground station data and provides precipitation
estimates at approximately 5 km spatial resolution across multiple temporal scales since 1981. In this study,
monthly mean CHIRPS precipitation data for the period 2000-2024 were extracted and analyzed for rainfall
prediction purposes.

The inherent nonlinearity and complex behavior of precipitation processes make traditional statistical
approaches insufficient for accurate forecasting. Consequently, machine learning techniques have emerged as
powerful tools for modeling complex climatic phenomena. Although numerous previous studies have applied
machine learning algorithms, such as Artificial Neural Networks (ANN), Random Forest (RF), Support Vector
Machines (SVM), and Convolutional Neural Networks (CNN), to rainfall prediction, most have focused on
single-model evaluations or simple model comparisons. However, combining multiple models has been shown to
reduce prediction uncertainty and improve forecast robustness, an approach that has received comparatively
limited attention.

The primary objective of this research is to evaluate the performance of satellite-based CHIRPS precipitation
data and to enhance monthly rainfall prediction using machine learning models implemented in the WEKA
environment. To achieve this goal, fifteen individual machine learning models were first assessed independently.
Subsequently, pairwise combinations of these models (105 combinations in total) were developed using simple
averaging and brute-force weighting strategies to improve predictive accuracy. The novelty of this study lies not
merely in the application of multiple machine learning algorithms but in proposing a systematic, transparent, and
reproducible framework for satellite-based rainfall prediction in data-scarce basins. This framework is region-
independent and can be readily applied to other climatic and hydrological settings.

Authors retain the copyright. This is an open access article distributed under Creative Commons
Ev Attribution 4.0 International License (CC BY 4.0).
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Materials and Methods

This study investigates monthly precipitation prediction in the Salt Lake Basin using satellite-based CHIRPS
data for the period January 2000 to December 2025, extracted via the Google Earth Engine platform. CHIRPS
was selected due to its adequate spatial resolution (0.05°), integration of satellite and ground-based observations,
long-term temporal coverage since 1981, and suitability for arid and semi-arid regions with sparse rain-gauge
networks. Data quality was assessed using the Interquartile Range (IQR) method, and no outliers were detected.
As the dataset exhibited consistent scaling across all time steps, no normalization was applied. The data were
divided into training (January 1999-December 2021) and testing (January 2022—December 2024) subsets. All
modeling procedures were implemented in the WEKA environment using time-series modules. To validate the
CHIRPS dataset, satellite-derived precipitation estimates were compared with observations from four ground
stations over ten years (2007-2017), and basin-scale performance was evaluated using averaged statistical
metrics. Initially, sixteen machine learning models were examined, and one model (Random Tree) was excluded
due to poor performance. The final set of fifteen models included Gaussian Processes, Random Forest, MLP
Regressor, RBF Regressor, Linear Regression, SMOreg, 1Bk, LWL, Additive Regression, Bagging, Random
Committee, Random SubSpace, Decision Table, M5Rules, and M5P. Model hyperparameters were optimized
using the Grid Search tool in WEKA. To improve prediction accuracy and robustness, pairwise ensemble models
were generated using simple averaging, resulting in 105 combined configurations. Additionally, a brute-force
weighting approach was applied by assigning weights between 0 and 1 with a step of 0.1 to each model, subject
to a unity-sum constraint, in order to identify the optimal ensemble structure.

Model performance was evaluated using the correlation coefficient, RMSE, MAE, MSE, bias, and Nash—
Sutcliffe efficiency (NSE), and the most accurate configuration was selected based on testing results.

Results and Discussion

The accuracy of the CHIRPS satellite precipitation product was first evaluated using observed rainfall data
from four rain-gauge stations distributed across the Salt Lake Basin. The validation results indicated a
satisfactory agreement between satellite-derived and observed precipitation, with an overall coefficient of
determination (R2) of approximately 0.69 and an NSE of 0.70, confirming the suitability of CHIRPS data for
monthly rainfall analysis in the study area. Subsequently, the performance of fifteen individual machine learning
models was assessed for monthly precipitation prediction using the testing period (January 2022-December
2024). Model evaluation based on correlation coefficient, RMSE, MAE, MSE, bias, and Nash-Sutcliffe
efficiency (NSE) revealed notable differences among algorithms. Rule-based and tree-based models, particularly
M5Rules and Additive Regression, exhibited superior performance, characterized by higher NSE values, lower
error magnitudes, and relatively small bias. In contrast, instance-based models such as IBk and function-based
models like RBF Regressor showed weaker performance, with larger error dispersion and lower correlation with
observed data. The combined analysis of bias, residual standard deviation, and median absolute error provided a
more comprehensive understanding of model behavior than single error metrics alone. Visual assessments using
Taylor diagrams and scatter plots further confirmed the robustness of M5Rules, followed by Additive Regression
and Random Forest, in capturing both the variability and temporal patterns of observed precipitation.

To enhance prediction accuracy and stability, pairwise combinations of the individual models were
developed using simple averaging, resulting in 105 ensemble configurations. The results demonstrated that most
ensemble models outperformed their corresponding single-model counterparts, as evidenced by higher NSE
values and reduced error metrics. The combination of Additive Regression-M5Rules achieved the best overall
performance, yielding the lowest MAE and MSE and the highest NSE among all tested configurations.
Histogram analysis of NSE values showed that a large proportion of the ensemble models achieved NSE values
above 0.75, indicating the general effectiveness of the ensemble approach rather than improvement limited to
specific combinations. In addition, a brute-force weighting strategy was applied to optimize model contributions
within the ensembles. Compared to simple averaging, the Brute Force approach consistently improved NSE
values by reducing the influence of weaker models and assigning higher weights to more accurate ones. This
improvement was particularly evident in combinations involving low-performing models such as IBk and RBF
Regressor. Nevertheless, simple averaging also produced competitive and stable results without increasing
computational complexity.

Overall, the results indicate that monthly rainfall prediction accuracy depends not only on the choice of
individual algorithms but also on the interaction and complementarity of model errors. The proposed ensemble
framework effectively reduced bias and variance while avoiding overfitting through strict temporal data
separation and independent testing. These findings demonstrate that systematic pairwise model combination,
even with simple averaging, can substantially enhance the accuracy and robustness of precipitation forecasts in
data-scarce and climatically complex regions.
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Conclusion

The Salt Lake Basin is characterized by sparse rain-gauge coverage and high climatic variability, making
accurate monthly precipitation estimation essential for water resources management. This study evaluated the
CHIRPS satellite precipitation dataset and assessed the performance of individual and combined machine
learning models for monthly rainfall prediction. Validation against four ground stations confirmed that CHIRPS
reliably represents the temporal pattern of monthly precipitation in the basin, with acceptable correlation and
Nash-Sutcliffe efficiency values, indicating its suitability for hydrological applications in arid and semi-arid
regions. Among the fifteen evaluated machine learning models, M5Rules, Additive Regression, and Random
Forest exhibited superior performance as single models. Ensemble modeling further improved prediction
accuracy by reducing systematic errors and enhancing robustness. The Additive Regression—-M5Rules
combination achieved the best performance (NSE = 0.88), outperforming all individual models. These results
highlight the effectiveness of integrating CHIRPS data with ensemble machine learning approaches for
improving monthly precipitation prediction in data-scarce basins. The proposed framework provides a reliable
and transferable tool for supporting sustainable water resources management in arid and semi-arid regions.

Keywords: Climate data prediction, Precipitation data modeling, WEKA
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1- CHIRPS: Climate Hazards Group InfraRed
Precipitation with Station data

2- Machine Learning

3- Geographic Information System

4- Tropical Rainfall Measuring Mission

5- Global Precipitation Measuremen

6- Precipitation Estimation from Remotely Sensed
Information using Artificial Neural Networks

7- Global Precipitation Climatology Centre

8- Climatic Research Unit

9- ECMWEF Reanalysis v5

10- Modern-Era Retrospective Analysis for Research
and Applications, Version 2
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8- Artificial Neural Network
9- Support Vector Machine
10- Logistic Regression
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12- Support Vector Regression
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2- Statistical Downscaling Models
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5- Ensemble K-Star
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Table 1- Coordinates of the investigated stations
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Station name  Province  Elevation (m) Longitude (DMS) Latitude (DMS)
aé] o] 2500 50-23-25 33-04-02

(Aghcheh) (Esfahan)
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Table 2— Description of the Machine Learning Models used in the study

Je bz Ll &
Model Disadvantages Advantages Refrence
Cushpae &)l fosony (bl baly) ilo e 2Uly
S sl & olue VU Slulxs o S8 slwodls ;3 (g8 2 s f i (Schulz et
Gaussian Processes High computational cost; sensitive to Ability to model complex nonlinear I 2018
; relationships; provides prediction al., )
kernel selection ‘ :
uncertainty; strong performance with small
datasets
9 s ) slual ool 4y 5L £6 g e LS bty 4., M Wt JJM Ry plie Biau &
o5 slayzall ot e slaosly p3 (o8 3 Slos (Biau
Random Forest . AR . Robust to noise; reduces overfitting Scornet
Reduced interpretability; requires tuning compared to a single tree; strong nonlinear 2016)
of tree numbers and parameters performance
cowlie ¢ 5 e bl (" YL &)a8
o ool & (ol o gzally 3 welass & 3L T “b)‘: e Juo Ve 08 (ggr?%egf’
MLP Regressor Requires extensive hyperparameter 8 SEER Counville
tuning; sensitive to small datasets Strong capability for modeling complex 2016)
nonlinear patterns; suitable for time series
. . St balgy gilw s yd ol Al (clino ¢ yunds 1Bz puw odlo (James et
Linear Regression it by ilaie 2 ol . 2 e B O AL
9 Cannot model nonlinear relationships Simple, fast, interpretable; baseline method al., 2021)
SMOreg e L B St;;ig{ ngéj )r;;nfg g.anr:;?m ga;?lz;fect' e (Cg\gntes
: r isy ; ivi -
Complex kernel parameter selection control of overfitting 2020)
Slas ys 03> 3 Cipms 5ySlas fo3ld ulido 4y gl oo sloodly Cunlio fxi595 1503 (o fodkus (Taunk et
IBK Sensitive to data scaling; weak Simple; no distribution assumptions; suitable  zj ">019)
performance on large datasets for local patterns '
Febl r olas gmiia )3 YU (Slubro 4 ja
Oi9 PRV |95 RPN T O o S W KW (Abinaya
LWL ; - . »8 290 ) &) ) ,
High computational cost during Models local behavior; highly flexible 2020)
prediction; sensitive to weighting
parameters
3L LS5 5 Uil poie s L Cobb als (Chen &
Additive Regression Risk of overfitting with too many w JJ‘ ke et O Guestrin,
iterations Reduces bias; improves the base learner 2016)
; Sy pialS YL gyl foslly Siels (Sagi &
Bagging - - : : - Rokach,
Reduced interpretability Reduces variance; high stability 2018)
. Il yo ook ol oo (gyluk done
. b Jde ot 4 i) 0 I ke (Dong et
Random Committee 2 B T ey ili :
Dependent on quality of base learner Improves stability of the base model; easy to 5] 2020)
implement
oo S Sy s Jlazs! Sio b srodh cuslio t Juo (yn (Stsan SalS (Kuncheva
Random SubSpace Reduces correlation among models; s 2014)
suitable for high-dimensional data Possible removal of important features
o35y baily) > Chins 5 )Slas c N (Furnkranz
. i Lo Yy (60 pronds
Decision Table Poor performance on complex e T etal.,
relationships High interpretability; simple 2012)
Sy ol 4 olus G 5 el S (95 5 el C33 S5 (Holmes et
M5Rules Sensitive to noisv data Combines decision trees with linear al., 1999)
Y regression; interpretable and accurate '
MsP o8 o3 3 Al oSl SUrble o ol veletoraning Witi,
. crer . ul 1 I 1PS; !
Possible overfitting with small datasets interpretable 1997)
sl s Sy ool 4 puls e buly) cuslio MLP Sl 550 ol San (Wu et al.
RBF Regressor Sensitive to selection of centers and Faster convergence than MLP; suitable for 2012) '
parameters

local relationships
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1- RMSE: Root Mean Square Error
2- MAE: Mean Absolute Error
3- MSE: Mean Square Error
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Table 3- Accuracy assessment results of CHIRPS data in the study area
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Data Source NSE MAE MSE BAIAS Corrolation
(%) (%) (%) (mm) )
CHIRPS 70.00 31.36 19.42 -00.09 0.71
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Figure 2- Taylor diagram of the performance of the models monthly precipitation prediction during the test period
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Table 5- Evaluation metrics of the top 12 model combinations
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MODEL MAE MSE NSE Corrolation BAIAS

(%) (%) () () (mm)

Gaussian Processes -Additive Regression 18.41 06.00 0.846 0.878 -0.119
Gaussian Processes -Decision Table 21.91 06.91 0.824 0.892 -0.213
Gaussian Processes -M5Rules 23.30 07.51 0.809 0.939 -0.135
Random Forest-Additive Regression 18.10 06.90 0.825 0.885 -0.187
Random Forest-M5Rules 2161 07.71 0.803 0.944 -0.203

RBF Regressor-Decision Table 21.52 06.63 0.831 0.680 -0.049
Linear Regression -Additive Regression 22.18 07.59 0.808 0.852 -0.235
SMOreg -Decision Table 20.63 06.31 0.838 0.755 -0.039
LWL-M5Rules 19.76 07.81 0.801 0.685 -0.173

Additive Regression-M5Rules 15.55 05.08 0.873 0.832 -0.015
Additive Regression-M5P 0.18.02 06.20 0.841 0.768 -0.020
Decision Table-M5Rules 17.80 06.61 0.831 0.856 -0.272
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Introduction

Soil is a fundamental natural resource that underpins ecosystem functioning, agricultural productivity, water
regulation, and biogeochemical cycling. Vertical heterogeneity of soil properties along the profile reflects the
combined influence of biological inputs, pedogenic processes, and land management. Soil depth strongly controls
the distribution of organic matter, nutrients, soluble salts, and textural components, thereby affecting root
development, nutrient uptake, and crop resilience under environmental stresses such as drought.

Most previous studies relied primarily on classical statistical tests and comparisons of mean values between
layers. While useful for detecting statistically significant differences, these approaches provide limited information
on the magnitude, direction, and functional relevance of depth-related changes. In highly variable and non-
normally distributed soil systems, reliance on p-values alone can lead to overinterpretation of minor differences or
underestimation of ecologically important gradients.

Recent advances emphasize effect size metrics and uncertainty estimation to quantify soil variability more
robustly. Non-parametric indices, such as the rank-biserial effect size, allow depth-driven changes to be quantified
independent of sample size and distributional assumptions. This study focuses on providing a comprehensive
depth-oriented assessment of soil physicochemical properties using effect size—based approaches and classification
into depth stability and management-relevant categories.

Materials and Methods

Soil samples were collected from agricultural fields of Razavi Khorasan Province of Iran at two depths: 0-30
cm (surface) and 30-60 cm (subsurface), using a paired design to minimize spatial heterogeneity. A wide range of
physicochemical properties was analyzed, including organic carbon, available P and K, exchangeable cations, EC,
pH, carbonate parameters, and selected micronutrients.

Paired non-parametric tests were applied for each variable, and the rank-biserial effect size (r_rb) was
calculated to quantify the magnitude and direction of depth-related changes. Bootstrap resampling was used to
estimate 95% confidence intervals. Based on effect size magnitude and confidence intervals, variables were
classified into stable, quasi-stable, and depth-sensitive categories, which were further translated into practical
management-oriented classes.

Results and Discussion

Depth-sensitive properties included organic carbon, available phosphorus, potassium, and manganese, all
exhibiting large effect sizes and pronounced accumulation in the surface layer. The enrichment of organic carbon

Authors retain the copyright. This is an open access article distributed under Creative Commons
EY Attribution 4.0 International License (CC BY 4.0).

https://doi.org/10.22067/jsw.2026.97726.1524



https://jsw.um.ac.ir/
mailto:n.mazloom@areeo.ac.ir
https://doi.org/10.22067/jsw.2026.97726.1524
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.22067/jsw.2026.97726.1524
https://orcid.org/0000-0002-6877-5035
https://orcid.org/0000-0002-4984-5296

VFof sl cpogy F ojlois ¥4 wlr (S g o 05 OVY

reflects concentrated biological inputs, crop residue return, and intensified microbial activity in the topsoil,
whereas its sharp decline with depth indicates restricted vertical transfer and limited subsoil biological functioning.
Phosphorus accumulation in the surface layer is consistent with its low mobility and strong fixation in calcareous
soils, underscoring the importance of depth-aware phosphorus management strategies to enhance root access in
deeper horizons. The marked differences in potassium likely result from the combined effects of crop uptake,
mineral weathering, and partial leaching, highlighting the necessity for root-zone—oriented monitoring and
fertilization practices. Among micronutrients, manganese showed the greatest depth sensitivity, reflecting its
responsiveness to redox dynamics and pH variations, and indicating potential risks of localized deficiency or
toxicity within the soil profile.

Copper and bicarbonate demonstrated moderate effect sizes, suggesting measurable but less pronounced depth-
related variation. In contrast, clay, silt, pH, TNV, Zn, and Ca exhibited small effect sizes, indicating relative
structural stability across depths. Sodium and chloride remained largely unchanged, implying that salinity
distribution is relatively uniform within the studied profile and not strongly stratified under current conditions.

The classification of variables into depth-stability and management-priority categories provides a practical
framework for translating statistical outputs into agronomic decision-making. Overall, the findings reveal that
reliance on surface soil analysis alone can lead to incomplete or potentially misleading interpretations of nutrient
status. Depth-aware management, including precision placement technologies and fertilizer banding systems, can
improve nutrient use efficiency, enhance subsoil fertility, and reduce environmental losses, thereby contributing
to more resilient soil-plant systems under semi-arid conditions.

Conclusion

By integrating paired depth-wise comparisons, PERMANOVA, and nonparametric effect size metrics, this
study provides a robust framework for assessing vertical soil heterogeneity beyond conventional p-value-based
approaches. The results showed pronounced and practically meaningful depth-related differences for key chemical
properties, particularly soil organic carbon, available phosphorus, potassium, and manganese, while physical
properties and basic indicators such as pH, clay, silt, and calcium carbonate exhibited limited variation. These
patterns reflect the concentration of biological activity and management inputs in surface layers and the relative
chemical depletion of deeper horizons, which constrains root development, nutrient uptake, and drought resilience
in agricultural systems of Razavi Khorasan Province. Overall, the findings highlight that soil fertility assessments
based solely on surface sampling can be misleading and underscore the need for targeted, depth-oriented soil
management to improve nutrient use efficiency and enhance the sustainability of soil-plant systems, particularly
under water-limited conditions.
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Table 1- Descriptive statistics of soil properties at 0-30 and 30-60 cm depths

S b yo il +=Ye i Goc o ol Yo—Te 1Ges
Soil variables Depth: 0-30 cm Depth: 30-60 cm
Mean + SD Median Min—Max Mean + SD Median Min—Max
U“;* 8.0+0.17 8.0 75-85 8.0+0.16 8.1 76-8.8
p
o . 40+20 3.6 0.2-252 39+3.0 3.65 0.2-48.3
Fe (mgkg™ %)
) el @ 48+20 45 1.0-15.0 44+1.7 4.1 1.0-115
Bicarbonate (meq L™ 1)
il JE el ) 2546 +122.6 2346 53.9-1059.0 227.1+1189 2125 53.9-992.4
Available K (mg kg™ 1)
o gl j‘”” 34.8 +6.87 34.4 15.2 - 54.7 35.0 +7.49 34.4 17.0-62.5
SP(gg™Y)
N i 17.8+5.18 17.0 3.0-39.7 18.2 +5.66 17.3 5.1-42.2
TNV (%)
o) 2 176 +7.6 16.8 3.3-520 18.2 £8.2 172 00-580
Clay content (%)
e dop 41241249 430  00-650  400+1253 423  0.0-656
Silt content (%)
O Loy 405 +16.22 38.8 0.0-877 41.1 +17.45 38.0 0.0-93.0
Sand content (%)
w 1.2+2.37 0.5 0.1-16.6 1.4 +3.17 0.4 0.0-26.0
Zn (mg kg™ %)
ok 39.2+88.9 11.2 0.2-807.4 37.3+94.3 120  0.1-1052.2
Na (meq L™ %)
o JB jaud 9.0+7.4 7.2 0.1-512 6.5+59 48 0.0-436
Available P (mg kg™ %)
» . 320+77.3 6.3 0.2-662.5 25.5+54.8 7.5 0.5-620.0
Cl(meqL™ 1)
el . 11.5+16.5 5.6 0.6-136.8 10.0+12.1 48 0.4-128.0
Ca(megL™ Y
o ole 0.4+0.32 0.4 0.0-3.9 0.3+0.23 0.3 00-1.6
OC (%)
e 3 el Ego2ne 21.4+304 10.9 0.8—254.0 18.1+19.9 9.9 0.8-135.0
Ca+ Mg (meqL™ 1Y)
e 6.5+28 6.1 1.6 -29.0 53+25 4.8 1.2-26.0
Mn (mg kg™ %)
o2y 9.8+175 5.2 0.0-213.0 81+99 46 0.0 -100.0
Mg (meq L™ %)
"’*J‘“;AJ*R“*“‘ 9.3+13.83 52 01-1042 101+1800 56  0.1-219.4
Fsll el 6.1+11.7 23 0.3-90.4 55+10.6 22 03-1121
EC (dSm™ 1Y)
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Figure 1- Boxplot comparison of soil properties showing statistically significant differences between the 0-30 and 30-60 cm
soil depths
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Table 2- Depth-wise comparison of soil variables with p-values, effect size, and effect magnitude

. p_adj Cl_low Cl_high PD Effect
Variables p_vaIEJe D lade .r_rb Aol ol s alold YU s Coa magnitude
) Pyl ay . Alesl i ) .. 3§
PR IRPS, & Usob! O lsobs! AP Pl
e Large
e ~ 1.32E30 2.78E29 0.74 0.67 0.79 0.81 _ g
Mn (mg kg~ 2) Syp
e BB pelty Large
- 22 21 g
Available K 2.08E 1.46E 0.67 0.59 0.73 0.69 5
(mg kg™ ?) '
Clo LB jaus Large
. 23 22 g
Available P 4.08E 4.28E 0.66 0.58 0.72 0.70 5
(mg kg™ 1)
T o Large
o osle 9.46E19 4.97E18 0.59 0.50 0.66 0.70 ,9
ocC (%) )3
Medium
o 3.46E13 1.45E12 0.48 0.38 0.57 0.65 .
Cu(mgkg™ %) bwgie
ol & . N Medium
Bicarbonate 4.59E 1.61E" 0.36 0.25 0.46 0.51 Ja..»,,:p
(meq L™ ) sl
ma
0 2 255E%  4.88E% -0.27 -0.38 -0.15 0.44
Clay content (%) SesS
- Small
. oo 22> 8.55E05 2.56E04 0.26 0.14 0.37 0.58
Silt content (%) Sess
: Small
et 1.64E03  2.46E® -0.26 -0.37 -0.14 0.35 PA
pH 9;
- Sma
Sal 1o, 1.33E%  281E% -0.26 -0.37 -0.14 0.54
TNV (%) Sas
Small
< 1.11E-%  281E™ 0.26 0.14 0.37 0.59
Zn (mg kg™ %) o8
o 3o 5 oaaadlS Small
-04 -04
Ca+ Mg 1.34E 2.81E 0.25 0.13 0.37 0.58 Sogs
(meq L™ %) |
s Sma
o 8.73E% 1.53E03 0.22 0.10 0.34 0.53
Ca (meq L™ %) Sas8
e ) ) Small
_ 9.92E04 1.60E3 0.22 0.10 0.34 0.55 &
Mg (meq L™ %) >oS
- Small
ool ~ 1.93% 2.70E03 0.20 0.08 0.32 0.57 s
Fe (mg kg™ %) 9;
Smal
gl 20> 8.58E03 1.132 -0.17 -0.29 -0.04 0.55
SP (%) SosS
S e Small
Sl el 3.47E2 4.29E02 0.14 0.01 0.26 0.55
EC (dSm™ Y SesS
. Small
o 2 7.26E92  8.03E® -0.12 0.24 0.00 0.52
Sand content (%) Sag
et 1 =X LR V= -0.12 -0.24 0.01 0.54 Small
SAR ' ' ' ' ' ' Soe8
Small
» ~ 1.28E 1.34 0.10 -0.02 0.22 0.48 s
Cl (meq L™ 9 255
W Negligible

T 9.32 9.32% 0.01 -0.12 0.13 0.47 Rt
Na (meq L™ 1) b
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Figure 2- Depth-wise effect sizes of soil properties expressed as rank-biserial effect size (r_rb) with 95% confidence intervals
(Vertical dashed and dotted lines indicate reference thresholds for effect interpretation, while the points represent the actual effect

size for each variable. Shapes (circle, diamond, triangle, square) indicate effect magnitude: circle = large, diamond = medium,
triangle = small, square = negligible.)
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Table 3- PERMANOVA results based on Bray—Curtis distances evaluating the effect of soil depth on multivariate soil
property patterns

Jole oaliTan,n Oluge ggomme ot cumd  Fawio bl plate
Factor df Sum of Squares R2 Pseudo-F  p-value
SE Gee 1 0.287 0.00791 52146  0.001
Depth
obilasdly
Residual

S 655 36.262 1.00000 — —
Total

654 35.975 0.99209 — —
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Figure 4- Depth stability and management classes of soil variables

(Shapes indicate management class: circle = accumulating at deeper layer, triangle = low priority for depth-specific management,

square = stable across depths, diamond = surface-controlled property).

w5 2 e asl clacuiby 4 Blg e glel (gl gxe LS)';M

.

S By cpind o JT 30,8 a5lo ol pite &8 395 o] LSy
F g el Al 008 Sl e <500 0 S o)l glojasls 5 Igiloyy (295 sl Jdod 34l b asdllas ()]

S o s da g8 BB Sl ol b by pme Ldes il ol
e bl opl g Mlae low () plS o Sy (S &S
S polis 35505 ofaga cordosalin (o501 .5,03)03 » &y 5

.

i)l sl oSke Slalie S 513 pem)l wstells
2 ae Bypo pends &S 0b L g 3 &) S des Seal



VFeF Wbl cpoge F o5lods FA ol (S g 0T a5 OAF

@ NS Opgps el (pl WS pSie Ay 42l JS 0 )
S (63,9, )b AT wiadan 23395 § SB g Bos Capo
Wosles Bpae (oL Eops 3 (2138 polis @95 gm0 b Sl
s Gl (S8 G55l g (o) laptiuss 6yl g
5l (V) o] Slallas 505 oo slaiti < stmafy ol @l ol
ey id (glp 039 (PGS HomaBes Cope 4 olS b
g g e polie (dee @i o b)) oy (V) 555 4
Clouasls b S Llesd cloodly 5l (V) 5 iy, e
dwgi Oemed Wgd Syele SB Eoas > (N g i)
sl @y SRl Slgie Sl ojlul p e (S5 slapadls
e ldoy (gl g SB des lacydgion (gabas,

S wol)d aidlale g 4o ol )3 555

S35l

3o 4SS5l G gy SloaY s 8 5 (b Y
P ol Sy cudgize il cov Wil b e (sodgCand
Lulyd )3 (o) capde cunle Ll (o good VL s S
S5 50 3,518 88 sl ] (Solr g ] 8,8 IS (St 18
Al g gAY g odd dgdore yio Sl =Y Bes 4 Ldes
Sbe ez )l )18 G Candy 3 ) 5 besd
gl JolS o)y (Rl Ay g (Plaw dnngi Cage
O 4 (1)) s Coslucs G138l g Bas 53 (liS yolis 5 O
sl 3 ohga g s)lul &5 GlogSa Ded e (St
ool g e (gabated b e ElS (gl jsbdy ((B)beS
el gacogyl GSal (upde NS g (des Cumlas
4 oy 4yl &S Ande (LS g S o0l 1) (23395 (M
Sk g e Slge SB e > Syi Sl ojlul b pole
23 (55yWiS” yd 059 Waaly oyl sy g |y slS—SB- pitanms

Ol g S oligss it ) 53 G008 Colye S din o3

oleld el (reb wlie 5 55liS Bjgel 5 Cliios 950
I ommmen b Slnl Giagh ol pbsl il 3 95,
Sty dl)) jebated ouislejl LS, cles; g diess)) ¢y Kon

siedin slasliel (Slb Gy oo e leS bl
2 oimg cpl (ol (spgly S e @yl adgS g S o e
5 s Ol (0 Slas Cuonl 5 )bl ()b o S8
e gyl sl Bl ojlul e gundib S o))
G paiges 4 1G] amd o )l &S (gldigSay il S (sl yuxio

i ES ‘.’ LM, . .
8o (6l Rl dilagens (1 S ghdols (HBly Cundg Xlg g0l CEIESS (23395 9 (o

References

1.

10.

11.

Abbas, A., Hameed, R., Balooch, S., Khattak, W.A., Raza, M.M., Zulfiqar, U., Akbar, R., Malik, U., & Huang, P.
(2025). Manganese dynamics: Effects of pollution and its impact on soil chemistry. p. 241-257. In S. Saud, S. Fahad,
& D. Wang (eds.) Beneficial elements for remediation of heavy metals in polluted soil. Elsevier.
https://doi.org/10.1016/B978-0-443-26522-8.00009-X

Anderson, M.J. (2001). A new method for non-parametric multivariate analysis of variance. Austral ecology, 26(1),
32-46 . https://doi.org/10.1111/j.1442-9993.2001.01070.pp.X

Anderson, M.J. (2017). Permutational Multivariate Analysis of Variance (PERMANOVA) Wiley StatsRef :Statistics
Reference Online, 1-15. https://doi.org/10.1002/9781118445112.stat07841

Anderson, M.J., & Walsh, D.C. (2013). PERMANOVA, ANOSIM, and the Mantel test in the face of heterogeneous
dispersions: what null hypothesis are you testing? Ecological monographs, 83(4), 557-574. https://doi.org/10.1890/
12-2010.1

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate: a practical and powerful approach to
multiple testing. Journal of the Royal statistical society: series B (Methodological), 57(1), 289-300. https://doi.org/
10.1111/j.2517-6161.1995.th02031.x

Bernard-Verdier, M., Navas, M.L., Vellend, M., Violle, C., Fayolle, A., & Garnier, E. (2012). Community assembly
along a soil depth gradient: contrasting patterns of plant trait convergence and divergence in a Mediterranean
rangeland. Journal of Ecology, 100(6), 1422-1433. https://doi.org/10.1111/1365-2745.12003

Buol, S.W., Southard, R.J., Graham, R.C., & McDaniel, P.A. (2011). Soil genesis and classification: John Wiley &
Sons. https://doi.org/10.1002/9780470960622

Cohen, J. (1994). The earth is round (p<0. 05). American psychologist, 49(12), 997. https://doi.org/10.1037/0003-
066X.49.12.997

Cotrufo, M.F., Ranalli, M.G., Haddix, M.L., Six, J., & Lugato, E. (2019). Soil carbon storage informed by particulate
and mineral-associated organic matter. Nature Geoscience, 12(12), 989-994. https://doi.org/10.1038/s41561-019-
0484-6

Cumming, G. (2025). New Statistics, The .In: Lovric, M. (eds) International Encyclopedia of Statistical Science.
Springer, Berlin, Heidelberg. https://doi.org/10.1007/978-3-662-69359-9 704

Dhakad, R., Kumar, P., & Sharma, C.K. (2020). Status of soil pH, EC, OC and micronutrients levels in Madhya


https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/1365-2745.12003
https://doi.org/10.1002/9780470960622
https://doi.org/10.1037/0003-066X.49.12.997
https://doi.org/10.1037/0003-066X.49.12.997
https://doi.org/10.1038/s41561-019-0484-6
https://doi.org/10.1038/s41561-019-0484-6

AV s o g il o3l (s (ndli 3,55 31 ooliiins! b S (sl 59 hos (b1 «goLT (55 9 pollio

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24

25.
26.

217.
28.

29.

30.

31.

32.

33.
34.

35.

36.

3.

Pradesh: An overview.Journal of Pharmacognosy and Phytochemistry, 9(5), 14-12. www.phytojournal.com
Emamian, A., Rashki, A., Kaskaoutis, D.G., Gholami, A., Opp, C., & Middleton, N. (2021). Assessing vegetation
restoration potential under different land uses and climatic classes in northeast Iran. Ecological Indicators, 122,
107325. https://doi.org/10.1016/j.ecolind.2020.107325

Fiel Peres, F. (2026). Effect sizes for nonparametric tests. Biochem Med (Zagreb), 36(1), 010101. https://doi.org/
10.11613/bm.2026.010101

Getnet, K., Miju, C., Bitew, A., & Atinafu, M. (2025). The Effects of Land Use Types and Soil Depths on Soil
Micronutrients, Soil pH, and Organic Carbon in Southern Ethiopia. Applied and Environmental Soil Science, 2025(1),
5575783. https://doi.org/10.1155/aess/5575783

Hao, J., Chai, Y.N., Lopes, L.D., Ordofiez, R.A., Wright, E.E., Archontoulis, S., & Schachtman, D.P. (2021). The
Effects of Soil Depth on the Structure of Microbial Communities in Agricultural Soils in lowa, USA. Appl Environ
Microbiol, 87(4). https://doi.org/10.1101/2020.03.31.018416

Havlin, J.L. (2014). Soil fertility and nutrient management. p. 460-469. In Y. Wang (ed.), Encyclopedia of Natural
Resources - Land, vol 1. Boca Raton: CRC Print. https://doi.org/10.1081/e-enrl-120047493

Jalali, M., Buss, W., Parviznia, F., & Jalali, M. (2023). The status of phosphorus levels in Iranian agricultural soils—
a systematic review and meta-analysis. Environmental Monitoring and Assessment, 195(7), 842.
https://doi.org/10.1007/s10661-023-11412-5

Jenny, H. (1994). Factors of soil formation: a system of quantitative pedology: Courier Corporation.

Kerby, D.S. (2014). The simple difference formula: An approach to teaching nonparametric correlation.
Comprehensive Psychology, 3. https://doi.org/10.2466/11.1T.3.1

Legendre, P., & Legendre, L. (2012). p. 419. Numerical ecology, Developments in Environmental Modelling. 3rd
Edition, Elsevier, Amsterdam.

Makowski, D., Ben-Shachar, M.S., & Ludecke, D. (2019). bayestestR: Describing effects and their uncertainty,
existence and significance within the Bayesian framework. Journal of Open Source Software, 4(40), 1541.
https://doi.org/10.21105/joss.01541

Montgomery, D.C. (2017). Design and analysis of experiments. p. 640. John wiley & sons.

Nakagawa, S., & Cuthill, 1.C. (2007). Effect size, confidence interval and statistical significance :a practical guide
for biologists. Biological Reviews, 82(4), 591-605. https://doi.org/10.1111/j.1469-185X.2007.00027.x

. Okolo, C.C., Gebresamuel, G., Zenebe, A., Haile, M., Orji, J.E., Okebalama, C.B., Eze, C.E., Eze, E., & Eze, P.N.

(2023). Soil organic carbon, total nitrogen stocks and CO2 emissions in top-and subsoils with contrasting
management regimes in semi-arid environments. Scientific Reports, 13(1), 1117. doi:https://doi.org/10.1038/s41598-
023-28276-x

Oksanen, J. (2015). Vegan: community ecology package. http://CRAN.R-project.org/package=vegan, 2, 3.

Richter, D.D., & Markewitz, D. (1995). How deep is soil? BioScience, 45(9), 600-609. https://doi.org/10.2307/
1312764

Sokal, R.R., & Rohlf, F.J. (1987). Biostatistics. Francise & Co, New York, 10, 2088-2092 .

Sparks, D.L., Page, A.L., Helmke, P.A., & Loeppert, R.H . (2020) .Methods of soil analysis, part 3: Chemical
methods: John Wiley & Sons.

Vance, C., Gaston, L., Blazier, M., & Beasley, J. (2024). Loblolly Pine Mid-Rotation Phosphorus Fertilization with
Poultry Litter Ash or Triple Superphosphate. Communications in Soil Science and Plant Analysis, 55(13), 2000-2008.
https://doi.org/10.1080/00103624.2024.2336575

Wasserstein, R.L., & Lazar, N.A. (2016). The ASA Statement on p-Values: Context, Process, and Purpose. The
American Statistician, 70(2), 129-133. https://doi.org/10.1080/00031305.2016.1154108

Wasserstein, R.L., Schirm, A.L., & Lazar, N.A. (2019). Moving to a World Beyond “p <0.05”. The American
Statistician, 73(supl), 1-19. https://doi.org/10.1080/00031305.2019.1583913

Wasserstein, R.L., Schirm, A.L., & Lazar, N.A. (2019). Moving to a world beyond “p< 0.05” (73: 1-19). Taylor &
Francis.

Webster, R., & Oliver, M.A. (2007). Geostatistics for environmental scientists: John Wiley & Sons.

Weil, R.R., & Brady, N.C. (2016). The Nature and Properties of Soils: 15th Edition, Pearson Education Inc.,
Columbus.

Wiesmeier, M., Urbanski, L., Hobley, E., Lang, B., von Lutzow, M., Marin-Spiotta, E., van Wesemael, B., Rabot, E.,
Lie, M., & Garcia-Franco, N. (2019) .Soil organic carbon storage as a key function of soils-A review of drivers and
indicators at various scales. Geoderma, 333, 149-162. https://doi.org/10.1016/j.geoderma.2018.07.026

Xu, Z., Lai, T., Li, S., Si, D., & Zhang, C. (2025). Effective potassium management for sustainable crop production
based on soil potassium availability. Field Crops Research, 326, 109865. https://doi.org/10.1016/j.fcr.2025.109865
Zhou, W., Han, G., Liu, M., Zeng, J., Liang, B., Liu, J., & Qu, R. (2020). Determining the distribution and interaction
of soil organic carbon, nitrogen, pH and texture in soil profiles: a case study in the Lancangjiang River Basin,
Southwest China. Forests, 11(5), 532. https://doi.org/10.3390/f11050532


file:///C:/Users/nmazl/Downloads/www.phytojournal.com
https://doi.org/10.1016/j.ecolind.2020.107325
https://doi.org/10.1155/aess/5575783
https://doi.org/10.1101/2020.03.31.018416
https://doi.org/10.1081/e-enrl-120047493
https://doi.org/10.1007/s10661-023-11412-5
https://doi.org/10.2466/11.IT.3.1
https://doi.org/10.21105/joss.01541
https://doi.org/10.1038/s41598-023-28276-x
https://doi.org/10.1038/s41598-023-28276-x
https://doi.org/10.1038/s41598-023-28276-x
https://doi.org/10.1038/s41598-023-28276-x
http://cran.r-project.org/package=vegan
https://doi.org/10.1080/00103624.2024.2336575
https://doi.org/10.1080/00031305.2019.1583913
https://doi.org/10.1016/j.geoderma.2018.07.026
https://doi.org/10.1016/j.fcr.2025.109865
https://doi.org/10.3390/f11050532

Journal of Water and Soil
https://jsw.um.ac.ir b

Research Article
Vol. 39, No. 6, Feb.-Mar. 2026, p. 589-610

Reliability Assessment of Gridded SPEI (SPElbase) in Iran's Catchments

N. Poodineh?, H. Nazaripour®', M. Khosravi(*!
1- Department of Physical Geography, Faculty of Geography and Environmental Planning, University of Sistan and
Baluchestan, Zahedan, Iran
(*- Corresponding Author Email: h.nazaripour@gep.usb.ac.ir)

Received: 17 February 2026 How to cite this article:
Revised: 13 April 2026 Poodineh, N., Nazaripour, H., & Khosravi, M. (2026). Reliability assessment of
Accepted: 19 April 2026 gridded SPEI (SPElbase) in Iran's Catchments. Journal of Water and Soil, 39(6), 589-
Available Online: 19 April 2026 610. (In Persian with English abstract).

https://doi.org/10.22067/jsw.2026.97825.1527

Introduction

Drought is one of the most complex and costly natural disasters, and its accurate monitoring is essential for
water resources management and vulnerability reduction. The Standardized Precipitation-Evapotranspiration
Index (SPEI), as a bivariate index, utilizes precipitation and temperature data (to estimate evapotranspiration) and
has gained widespread application due to its multiscalar nature and sensitivity to climate change. However, limited
access to long-term and uniform station-based data in a country with high climatic diversity and complex
topography like Iran poses a significant challenge for accurate drought monitoring. The global gridded database
SPElbase, with a spatial resolution of 0.5 arc degrees, has been developed by integrating satellite data, climate
models, and in-situ measurements. This study aims to evaluate the reliability of SPElbase compared to station-
based data across Iran's catchments to assess the feasibility of substituting this database due to its extensive spatial
coverage and easier accessibility.

Materials and Methods

Two datasets were used in this research: 1) Station data including monthly precipitation time series and monthly
mean temperature from 43 meteorological stations in Iran for the statistical period 1986-2023, obtained from the
Iran Meteorological Organization (IRIMO). 2) Gridded SPEIbase data, version 2.11, based on the CRU TS 4.09
dataset, extracted for the same period from the Climatic Research Unit (CRU) at the University of East Anglia.
The station-based SPEI was calculated using potential evapotranspiration estimated via the Thornthwaite method
at time scales of 1, 3, 6, 9, and 12 months. The SPElbase index, based on potential evapotranspiration estimated
via the FAO-56 Penman-Monteith method, was extracted for the corresponding period. The concordance and
agreement between the two indices were evaluated using three statistical methods: 1) Pearson's correlation
coefficient to assess linear relationship, 2) Weighted Cohen's Kappa statistic to measure agreement in drought
classes (8 classes ranging from extreme drought to extremely wet), and 3) Bland-Altman plots to examine limits
of agreement and systematic bias.

Results and Discussion

Findings indicated that the Pearson correlation coefficient between SPEI and SPElbase fell within the strong
correlation range (0.70 to 0.90) for most stations and catchments in Iran. The highest correlations were observed
at stations in mountainous areas, such as Khorramabad (0.92), Hamedan (0.87), and Urmia (0.86) at the 12-month
scale. Conversely, coastal and lowland stations like Bandar Abbas, Ramsar, and Babolsar showed relatively
weaker correlations (0.63 to 0.67) at shorter time scales. Results from the Weighted Cohen's Kappa statistic also
demonstrated substantial agreement (0.60 to 0.80) in drought classification between the two indices in
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mountainous regions and moderate agreement (0.40 to 0.60) in lowland and coastal areas. Bland-Altman plots
revealed narrow limits of agreement and random scatter of points around the mean line, indicating no significant
systematic bias. A key finding was the increase in correlation and agreement with increasing time scale; the highest
agreement was observed at 9 and 12-month scales (hydrological drought) and the lowest at the 1-month scale
(meteorological drought). Bam station, with a mean annual precipitation of approximately 53.7 mm, exhibited the
lowest correlation (0.64) and agreement (0.39) at the 12-month scale, possibly due to hyper-arid conditions and
limitations of evapotranspiration estimation methods in such climates. Constructed violin plots confirmed the
concentration of correlation and kappa coefficients at higher ranges with increasing time scale.

Conclusion

The SPEIlbase database demonstrates suitable accuracy for drought monitoring across Iran's catchments and
shows high concordance and agreement with station-based data in many regions, particularly mountainous areas.
As the time scale increases from 1 to 12 months, correlation and agreement improve, indicating higher reliability
of this database for monitoring agricultural and hydrological droughts. In coastal and lowland regions, especially
at shorter time scales, caution is recommended when using this database. Given its extensive spatial coverage,
appropriate temporal resolution, and free accessibility, SPEIbase can serve as a reliable alternative to station-based
data in data-sparse regions or areas with incomplete records. It is suggested that future research calculate station-
based SPEI using the FAO-56 Penman-Monteith method to evaluate the impact of the evapotranspiration
estimation method on the level of agreement with SPEIbase
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Figure 1- Geographical location of Iran's catchments and studied meteorological stations
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Table 1- Climatic and altitude characteristics of the studied meteorological stations

dyd, LWy Wyl ol Ly, 2K ! el oyl Lod
NO. Station Elev(m) P(mm) T(C) NO. Station Elev(im) P(mm) T(C)
1 obU 6.6 149.69 2651 23 e 922.2 236.79 15.75
Abadan Mashhad
Slgal 4e)|
2 22.5 215.87 26.42 24 g 1328 311.78 11.79
Ahvaz Urmia
3 <) 1702.8 300.15 14.23 25 ""9’5 1279.1 306.31 14.55
Arak Qazvin
|
4 J*”'_ 13352 27218 9.63 26 7 -20 124994 16.83
Ardabil Ramsar
sl Cady
5 -21 906.68 17.90 27 -8.6 1308.08 16.73
Babolsar Rasht
6 ~ 1066.9 5370 2415 28 gje 962 180.47 1851
Bam Sabzvar
7 S 236 174344 1688 29 e 13734 38582 14.30
Anzali Sanandaj
S 22.7 121.17 27.26 30 S 1522.8 453.07 11.11
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e 9.8 161.90 27.16 31 olyl 1182 107.98  22.39
Bandar Abbas Saravan
10 'b’” 1491 151.31 16.67 32 Qb 1127 132.04 18.66
Birjand Semnan
11 b)_P‘U‘ 1150 248.09 13.58 33 25 2048.9 31459 11.43
Bojnurd Sharkurd
12 Reds: 9 251.76  25.44 34 33,818 1325.2 150.83 15.44
Bushher Shahrud
13 el 8 122.79 26.54 35 ’l)‘“’ 1488 314.32 18.56
Chabahar Shiraz
14 o5 143 395.28 2457 36 o 711 79.53 23.03
Dezful Tabas
Oledee! 305
15 1551.9 12855 17.09 37 . 1361 13.44
Isfahan Tabriz
16 o5 2 498.79 1801 38 ol 1191 18.38
Gorgan Tehran
17 olen 17408 30371 11.90 39 k> 1451 14.50
Hamedan Torbat heydarieh
18 ey 501.1  105.96 2720 40 > 1230.2 20.29
Iranshahr Yazd
19 ol 1754 12414 16.55 41 H 489.2 22.87
Kerman Zabol
20 obisle)s 1318.5 411.35 15.37 42 obel; 1370 19.10
Kermanshah Zahedan
21 Ll 1147.8 479.31 17.04 43 Obfjj 1659.4 11.58
Khorramabad Zanjan
22 il 11034 26387 1285
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Figure 2- Global map of the SPEIbase sample (left) and the location of extracted cells from it for Iran (right).
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Table 2- Classification criteria for SPEI and SPEIbase

03, T o 53 03, SPElbase ¢ SPEI y5lie
Catagory Description Ordinal class SPEI and SPElbase values
w3 228 s Jlo g 8 >2.00
Exremely wet
w2 b o 7 15t01.99
Very wet
w1 bugia Jluy 6 1.00 to 1.49
Moderately wet
WO i 5 0t00.99
Mildly wet
DO et i 4 0t0-0.99
Mild drought
D1 bogie Jlusiis 3 -1.0t0 -1.49
Moderate drought
D2 b Jlusis 2 1.5t0-1.99
Severe drought
D3 Ak e s 1 <-2.00

Extreme drought

Begueria & Vicente-) SPEI aiw jl oolitwl b dale V¥ 54 &
Gluddb (Cuwl 01,5 awlbxe R Hlj8les 5> (Serrano, 2023
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3956 S 35 K 5l padls & dtuly oy S M 335 o
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.(Vicente-Serrano et al., 2010)
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Table 3- Interpretation of Pearson Correlation Coefficient values (Schober et al., 2018)

o ) g 0o (Gllae yud (o el
Range of absolute correlation coefficient Strength of correlation
l . . . &
0<|rl<o01 (4ot 05) i oy (Fhsa
Very weak correlation (No correlation)
0.1 < |r| <0.30 g (o
Weak correlation
ja-w e .
0.30 < [r| < 050 o (Fsad
Moderate correlation
0.50 < [r| < 0.70 98 il e
Fairly strong correlation
0.70 < |r| < 0.90 S e
Strong Correlation
&8 sl M

0.90 < |r| < 1.00

Very Strong Correlation
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Table 4- Interpretation Cohen’s weighted kappa (Landis & Koch, 1977)

L ),gblin ‘95193 @a.w
Kappa value Level of aggreement
By il 3l a8
k<0
Less than chance agreement
Sl gHlg
0<Kk<020 | oES
Slight aggreement
. l .
0.20 < k < 0.40 e S
Fair aggreement
k‘d . ..'l .
0.40 < K < 0.60 7o S
Moderate aggreement
L ol
0.60 < k < 0.80 >0 S
Substantial aggreement
s Lo,w sly
0.80 < k < 1.00 S s Sy
Near perfect aggreement
1 o5 il

Perfect aggreement
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Figure 3- The correlation coefficient value between SPEI and SPEIbase at different time scales at the sample station
(Mashhad)
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Table 5- Summary of correlation and agreement tests between SPEI and SPEIbase at the 1-month scale over Iranian

catchments
Station Catchment No. Kappa (k*) Perarson (r**) Bland-Altman (Range)
0 Sany asprojloni LB s owym s o] -l dial>

Khoy 0.64 0.76 Upper= +1.51, Lower=-1.21
Ardabil 0.58 0.71 Upper= +1.60 , Lower=-1.30
Zanjan 0.57 0.75 Upper= +1.55, Lower=-1.19
Anzali 0.57 0.70 Upper= +1.56 , Lower=-1.38
Rasht 1 0.63 0.77 Upper=+1.42 , Lower=-1.25
Ramsar 0.53 0.63 Upper= +1.79 , Lower= -1.53
Babolsar 0.52 0.67 Upper=+1.79 , Lower=-1.40
Gorgan 0.52 0.66 Upper= +1.76 , Lower= -1.50
Bojnurd 0.54 0.67 Upper=+1.71 , Lower=-1.09
Sanandaj 0.56 0.76 Upper=+1.91, Lower=-1.04
Kermanshah 0.61 0.78 Upper= +1.87 , Lower= -0.92
Khoramabad 0.56 0.76 Upper= +1.82 , Lower=-1.01
Dezful 0.47 0.60 Upper= +2.25 , Lower=-1.35
Ahvaz 0.56 0.72 Upper=+1.99 , Lower=-1.07
Sahrkourd 2 0.53 0.36 Upper= +2.02 , Lower= -1.34
Abadan 0.55 0.71 Upper=+2.01, Lower=-1.07
Boshehr 0.54 0.60 Upper= +2.93, Lower=-2.01
Shiraz 0.50 0.67 Upper= +2.02 , Lower= -1.25
Bandar lengeh 0.42 0.61 Upper= +2.37 , Lower=-1.13
Bandar Abbas 0.34 0.59 Upper=+2.49 , Lower=-1.21
Bandar Chabahar 0.44 0.63 Upper= +2.21 , Lower= -1.39
Tabriz 0.69 0.79 Upper= +1.55 , Lower= -1.08
Urmia 3 0.67 0.79 Upper=+1.59 , Lower=-1.08
Sagez 0.59 0.71 Upper=+1.79, Lower=-1.12
Semnan 0.62 0.76 Upper= +1.65, Lower=-1.08
Shahrud 0.58 0.69 Upper=+1.75, Lower=-1.41
Sabzvar 0.62 0.68 Upper=+1.71, Lower=-1.44
Torbat Heydarieh 0.63 0.75 Upper= +1.56 , Lower= -1.33
Tabas 0.56 0.74 Upper=+1.99 , Lower=-1.08
Birjand 0.52 0.72 Upper= +1.85, Lower=-1.30
Bam 0.51 0.67 Upper=+2.17 , Lower=-1.17
Iranshahr 4 0.54 0.71 Upper= +1.94 , Lower= -1.26
Kerman 0.55 0.75 Upper=+2.05, Lower=-1.00
Yazd 0.53 0.70 Upper= +2.04 , Lower=-1.07
Isfahan 0.55 0.72 Upper= +1.91 , Lower=-1.10
Hamedan 0.65 0.81 Upper= +1.51, Lower=-0.95
Qazvin 0.64 0.77 Upper= +1.50 , Lower=-1.15
Tehran 0.64 0.76 Upper= +1.62 , Lower=-1.20
Arak 0.50 0.63 Upper=+1.99 , Lower= -1.42
Zabol 0.58 0.74 Upper=+1.78 , Lower=-1.13
Zahedan 5 0.55 0.67 Upper= +2.00 , Lower= -1.40
Saravan 0.54 0.71 Upper= +1.97 , Lower=-1.31
Mashhad 6 0.67 0.79 Upper= +1.45, Lower=-1.17
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Table 6- Summary of correlation and agreement tests between SPEI and SPEIbase at the 3-month scale over Iranian

catchments
Station Catchment No. Kappa (k*) Perarson (r**) Bland-Altman (Range)
0 Sany asprojloni LB s owsm g o] -l dial>

Khoy 0.69 0.80 Upper= +1.48 , Lower=-1.08
Avrdabil 0.62 0.71 Upper= +1.67 , Lower= -1.22
Zanjan 0.66 0.81 Upper= +1.47 , Lower= -1.00
Anzali 0.58 0.69 Upper= +1.65, Lower=-1.38
Rasht 1 0.67 0.75 Upper= +1.54 , Lower=-1.29
Ramsar 0.44 0.56 Upper=+2.00, Lower=-1.66
Babolsar 0.53 0.65 Upper=+1.91, Lower=-1.40
Gorgan 0.53 0.67 Upper= +1.78 , Lower= -1.39
Bojnurd 0.52 0.71 Upper= +1.73 , Lower=-1.28
Sanandaj 0.61 0.81 Upper= +1.81 , Lower=-0.84
Kermanshah 0.62 0.84 Upper=+1.71, Lower=-0.64
Khoramabad 0.63 0.82 Upper= +1.70 , Lower=-0.79
Dezful 0.46 0.60 Upper=+2.32 , Lower=-1.31
Ahvaz 0.56 0.73 Upper=+2.03, Lower=-1.01
Sahrkourd 2 0.57 0.42 Upper= +1.92 , Lower= -1.18
Abadan 0.54 0.69 Upper= +2.15 , Lower= -1.10
Boshehr 0.55 0.65 Upper= +3.03 , Lower= -2.06
Shiraz 0.55 0.70 Upper= +1.95, Lower= -1.17
Bandar lengeh 0.49 0.69 Upper= +2.25 , Lower= -0.87
Bandar Abbas 0.41 0.64 Upper= +2.43 , Lower= -0.97
Bandar Chabahar 0.47 0.67 Upper= +2.17 , Lower=-1.15
Tabriz 0.72 0.82 Upper= +1.55 , Lower= -0.93
Urmia 3 0.62 0.84 Upper= +1.55, Lower=-0.89
Sagez 0.64 0.71 Upper=+1.81, Lower=-1.01
Semnan 0.64 0.78 Upper= +1.69 , Lower=-0.94
Shahrud 0.62 0.72 Upper=+1.75, Lower=-1.24
Sabzvar 0.65 0.72 Upper= +1.67 , Lower=-1.29
Torbat Heydarieh 0.68 0.79 Upper= +1.47 , Lower=-1.17
Tabas 0.53 0.72 Upper=+2.09 , Lower=-1.00
Birjand 0.60 0.77 Upper= +1.77 , Lower= -1.06
Bam 0.45 0.65 Upper=+2.32, Lower=-1.05
Iranshahr 4 0.51 0.71 Upper= +2.08 , Lower=-1.21
Kerman 0.56 0.76 Upper=+2.10, Lower=-0.89
Yazd 0.50 0.71 Upper=+2.11, Lower=-0.94
Isfahan 0.46 0.70 Upper=+2.01, Lower=-1.09
Hamedan 0.66 0.84 Upper= +1.47 , Lower=-0.78
Qazvin 0.68 0.82 Upper= +1.44 , Lower=-0.99
Tehran 0.66 0.79 Upper= +1.61 , Lower=-0.99
Arak 0.53 0.64 Upper=+2.01, Lower=-1.33
Zabol 0.54 0.76 Upper= +1.88 , Lower=-0.99
Zahedan 5 0.63 0.71 Upper= +2.02 , Lower= -1.20
Saravan 0.54 0.71 Upper= +1.95, Lower=-1.38
Mashhad 6 0.74 0.82 Upper= +1.39 , Lower=-1.03
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Table 7- Summary of correlation and agreement tests between SPEI and SPEIbase at the 6-month scale over Iranian

catchments
Station Catchment No. Kappa (k*) Perarson () Bland-Altman (Range)
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Khoy 0.69 0.84 Upper= +1.41 , Lower=-0.92
Ardabil 0.57 0.70 Upper= +1.72 , Lower=-1.18
Zanjan 0.65 0.81 Upper= +1.50 , Lower=-0.92
Anzali 0.53 0.65 Upper= +1.74 , Lower= -1.45
Rasht 1 0.67 0.72 Upper= +1.63 , Lower=-1.34
Ramsar 0.36 0.50 Upper= +2.18 , Lower=-1.78
Babolsar 0.59 0.66 Upper= +1.92 , Lower=-1.36
Gorgan 0.59 0.71 Upper= +1.74 , Lower= -1.27
Bojnurd 0.56 0.73 Upper= +1.75, Lower=-1.17
Sanandaj 0.64 0.82 Upper= +1.79 , Lower=-0.71
Kermanshah 0.68 0.88 Upper= +1.57 , Lower=-0.44
Khoramabad 0.68 0.86 Upper= +1.56 , Lower=-0.61
Dezful 0.47 0.65 Upper= +2.20 , Lower=-1.14
Ahvaz 0.57 0.73 Upper= +2.03 , Lower=-0.97
Sahrkourd 2 0.69 0.78 Upper= +1.74 , Lower=-0.96
Abadan 0.53 0.68 Upper= +2.18 , Lower=-1.08
Boshehr 0.57 0.72 Upper= +3.01, Lower=-2.06
Shiraz 0.66 0.80 Upper= +1.64 , Lower=-0.90
Bandar lengeh 0.50 0.73 Upper= +2.18 , Lower=-0.72
Bandar Abbas 0.44 0.69 Upper= +2.34 , Lower=-0.79
Bandar Chabahar 0.50 0.74 Upper= +2.06 , Lower=-0.93
Tabriz 0.73 0.84 Upper= +1.55, Lower=-0.76
Urmia 3 0.68 0.85 Upper= +1.57 , Lower=-0.76
Sagez 0.69 0.80 Upper= +1.85, Lower= -0.68
Semnan 0.62 0.83 Upper= +1.62 , Lower=-0.72
Shahrud 0.66 0.80 Upper= +1.61 , Lower=-0.97
Sabzvar 0.64 0.78 Upper= +1.61 , Lower=-1.12
Torbat Heydarieh 0.74 0.83 Upper= +1.43 , Lower=-1.06
Tabas 0.51 0.76 Upper= +2.04 , Lower=-0.76
Birjand 0.65 0.85 Upper= +1.63 , Lower=-0.80
Bam 0.43 0.63 Upper= +2.44 , Lower= -1.03
Iranshahr 4 0.49 0.72 Upper= +2.11 , Lower=-1.11
Kerman 0.59 0.80 Upper= +2.08 , Lower=-0.68
Yazd 0.52 0.72 Upper= +2.13 , Lower=-0.77
Isfahan 0.51 0.70 Upper= +2.04 , Lower=-1.01
Hamedan 0.70 0.86 Upper= +1.45, Lower= -0.66
Qazvin 0.72 0.83 Upper= +1.43 , Lower=-0.91
Tehran 0.66 0.79 Upper= +1.62 , Lower=-0.99
Arak 0.53 0.61 Upper= +2.08 , Lower=-1.32
Zabol 0.62 0.81 Upper= +1.82 , Lower=-0.77
Zahedan 5 0.68 0.77 Upper= +1.96 , Lower=-0.98
Saravan 0.55 0.75 Upper=+1.91 , Lower= +1.28
Mashhad 6 0.77 0.85 Upper= +1.35, Lower=-0.92
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Table 8- Summary of correlation and agreement tests between SPEI and SPEIbase at the 9-month scale over Iranian

catchments
Station Catchment No. Kappa (k*) Perarson (rr**) Bland-Altman (Range)
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Khoy 0.69 0.85 Upper= +1.45, Lower=-0.84
Ardabil 0.56 0.69 Upper= +1.80 , Lower=-1.13
Zanjan 0.60 0.81 Upper= +1.57 , Lower=-0.87
Anzali 0.53 0.64 Upper= +1.76 , Lower=-1.45
Rasht 1 0.66 0.69 Upper= +1.74 , Lower=-1.40
Ramsar 0.32 0.44 Upper= +2.33 , Lower= -1.86
Babolsar 0.60 0.69 Upper= +1.86 , Lower=-1.25
Gorgan 0.60 0.74 Upper= +1.72 , Lower= -1.16
Bojnurd 0.59 0.74 Upper= +1.79 , Lower=-1.10
Sanandaj 0.62 0.84 Upper= +1.77 , Lower= -0.52
Kermanshah 0.67 0.89 Upper= +1.58 , Lower= -0.25
Khoramabad 0.70 0.90 Upper= +1.46 , Lower= -0.35
Dezful 0.55 0.72 Upper= +2.03 , Lower= -0.87
Ahvaz 0.55 0.74 Upper=+2.01, Lower=-0.87
Sahrkourd 2 0.70 0.77 Upper= +1.81 , Lower=-0.90
Abadan 0.56 0.68 Upper= +2.19 , Lower= -1.00
Boshehr 0.62 0.78 Upper= +3.00 , Lower=-2.06
Shiraz 0.69 0.86 Upper= +1.48 , Lower=-0.73
Bandar lengeh 0.49 0.76 Upper= +2.15 , Lower= -0.63
Bandar Abbas 0.44 0.74 Upper= +2.27 , Lower=-0.71
Bandar Chabahar 0.59 0.78 Upper= +1.97 , Lower= -0.76
Tabriz 0.70 0.84 Upper= +1.60 , Lower=-0.67
Urmia 3 0.70 0.85 Upper= +1.66 , Lower=-0.66
Sagez 0.70 0.85 Upper= +1.66 , Lower=-0.66
Semnan 0.62 0.85 Upper= +1.59 , Lower= -0.57
Shahrud 0.69 0.85 Upper= +1.49 , Lower= -0.75
Sabzvar 0.64 0.79 Upper= +1.64 , Lower=-1.08
Torbat Heydarieh 0.73 0.85 Upper= +1.43 , Lower=-1.00
Tabas 0.54 0.76 Upper=+2.09 , Lower=-0.67
Birjand 0.67 0.88 Upper= +1.56 , Lower=-0.67
Bam 0.39 0.61 Upper=+2.51, Lower=-1.04
Iranshahr 4 0.48 0.76 Upper=+2.04 , Lower=-0.93
Kerman 0.59 0.81 Upper=+2.10, Lower=-0.61
Yazd 0.51 0.72 Upper= +2.18 , Lower=-0.65
Isfahan 0.52 0.69 Upper= +2.12 , Lower= -0.93
Hamedan 0.65 0.86 Upper= +1.51, Lower=-0.55
Qazvin 0.67 0.84 Upper= +1.44 , Lower= -0.82
Tehran 0.62 0.80 Upper=+1.62 , Lower=-0.89
Arak 0.51 0.63 Upper= +2.09 , Lower= -1.17
Zabol 0.60 0.83 Upper= +1.83 , Lower=-0.72
Zahedan 5 0.69 0.83 Upper= +1.84 , Lower=-0.75
Saravan 0.60 0.80 Upper=+1.81 , Lower=-1.13
Mashhad 6 0.80 0.87 Upper= +1.34 , Lower= -0.83
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Table 9- Summary of correlation and agreement tests between SPEI and SPEIbase at the 12-month scale over Iranian

catchments
Station Catchment No. Kappa (x*) Perarson (") Bland-Altman (Range)
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Khoy 0.69 0.85 Upper= +1.47 , Lower=-0.77
Ardabil 0.57 0.69 Upper= +1.85 , Lower=-1.06
Zanjan 0.51 0.80 Upper= +1.66 , Lower=-0.85
Anzali 0.56 0.63 Upper= +1.78 , Lower= -1.46
Rasht 1 0.62 0.70 Upper= +1.74 , Lower= -1.37
Ramsar 0.25 0.40 Upper= +2.44 , Lower= -1.92
Babolsar 0.62 0.71 Upper= +1.83 , Lower=-1.17
Gorgan 0.62 0.75 Upper= +1.71 , Lower= -1.09
Bojnurd 0.55 0.75 Upper= +1.82 , Lower=-1.06
Sanandaj 0.60 0.85 Upper= +1.77 , Lower=-0.41
Kermanshah 0.62 0.90 Upper= +1.62 , Lower=-0.15
Khoramabad 0.70 0.92 Upper= +1.42 , Lower=-0.17
Dezful 0.61 0.78 Upper=+1.92 , Lower= -0.62
Ahvaz 0.55 0.77 Upper= +1.98 , Lower=-0.69
Sahrkourd 5 0.66 0.76 Upper= +1.87 , Lower=-0.84
Abadan 0.62 0.71 Upper= +2.16 , Lower=-0.82
Boshehr 0.64 0.81 Upper= +3.03 , Lower=-1.99
Shiraz 0.70 0.86 Upper= +1.53 , Lower=-0.67
Bandar lengeh 0.48 0.77 Upper= +2.15, Lower=-0.55
Bandar Abbas 0.44 0.75 Upper= +2.28 , Lower= -0.65
Bandar Chabahar 0.56 0.80 Upper= +1.97 , Lower= -0.64
Tabriz 0.66 0.85 Upper= +1.63 , Lower=-0.56
Urmia 3 0.72 0.86 Upper= +1.68 , Lower= -0.55
Sagez 0.67 0.83 Upper= +1.82 , Lower= -0.55
Semnan 0.63 0.86 Upper= +1.59 , Lower= -0.47
Shahrud 0.70 0.87 Upper= +1.43 , Lower=-0.61
Sabzvar 0.63 0.79 Upper= +1.69 , Lower= -1.07
Torbat Heydarieh 0.73 0.86 Upper= +1.43 , Lower=-0.95
Tabas 0.54 0.78 Upper= +2.10 , Lower=-0.58
Birjand 0.67 0.90 Upper= +1.58 , Lower= -0.621
Bam 0.39 0.64 Upper= +2.50 , Lower=-0.93
Iranshahr 4 0.47 0.80 Upper= +1.96 , Lower=-0.73
Kerman 0.57 0.83 Upper= +2.08 , Lower= -0.47
Yazd 0.52 0.73 Upper= +2.21 , Lower=-0.54
Isfahan 0.52 0.67 Upper= +2.21 , Lower=-0.89
Hamedan 0.63 0.87 Upper= +1.54 , Lower= -0.45
Qazvin 0.65 0.84 Upper= +1.45, Lower=-0.75
Tehran 0.60 0.82 Upper= +1.61 , Lower=-0.78
Arak 0.48 0.63 Upper= +2.14 , Lower= -1.09
Zabol 0.59 0.84 Upper= +1.85 , Lower=-0.67
Zahedan 5 0.67 0.85 Upper= +1.79 , Lower=-0.63
Saravan 0.60 0.83 Upper= +1.75 , Lower=-0.98
Mashhad 6 0.80 0.88 Upper= +1.36 , Lower=-0.80
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Figure 6- Violin plots of the Pearson correlation coefficient (left panel) and the weighted Cohen's kappa
coefficient (right panel) between SPEI and SPEIbase at different time scales
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Introduction

One of the main challenges of agricultural soils in arid and semi-arid regions is the low amount of organic
matter, which has a negative effect on the physical and chemical properties of the soil. Soil organic matter plays a
role in various soil properties and processes, including soil water retention capacity, soil water distribution, soil
microbial activity, water and nutrient availability to plants, and subsequently plant nutrition and yield. The
application of biochar as an organic amendment is one of the strategies that has received attention in recent years
for increasing soil organic matter and improving the physical and chemical attributes of the soil. Another way to
improve soil organic matter is compost application to the soil as an organic amendment. The low organic matter
in the soils of sugarcane fields in Khuzestan Province and also the optimal amount of biochar and compost
application to improve the physical and chemical properties of these soils, have not been studied. Therefore, this
study was carried out to investigate the effect of applying different levels of biochar and compost derived from
sugarcane green harvest residues on the physical and chemical properties of soil and water availability for
sugarcane plants under field condition.

Materials and Methods

This study was conducted under field conditions at Research Station No. 1 of the Khuzestan Sugarcane
Research and Training Institute. This experiment was conducted in a randomized complete block design with
seven treatments, including control, biochar application at three levels of 5 (B5), 10 (B10), and 15 (B15) t ha™,
and compost application at three levels of 15 (C0O15), 30 (CO30), and 45 (CO45) t ha!, with three replications.
For the application of biochar and compost treatments prior to sugarcane planting, the required amounts of each
treatment were weighed, manually distributed and incorporated into the soil to an approximately 30 cm depth.
Subsequently, sugarcane setts were planted. Soil sampling was conducted at the end of the growth period in
different treatments and the physical and chemical properties of the soil were determined. In this study, the effects
of different treatments on the soil chemical characteristics (soil pH, EC and organic carbon), soil phosphorus and
potassium availability, physical properties (soil bulk density and mean weight diameter of soil aggregates), field
capacity, and permanent wilting point (PWP) were measured and water availability for the sugarcane plant was
determined.

Results and Discussion

The results indicated that the application of biochar treatments (B10 and B15) and compost treatments (CO30
and CO45) decreased soil pH and bulk density, while significantly increasing mean weight diameter, soil organic
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carbon, available phosphorus, available potassium, and plant-available water. The mean weight diameter of soil
aggregates in the CO30, CO45, B5, B10, and B15 treatments was 15.8%, 23.7%, 20.2%, 32.5%, and 36.0% higher
than that of the control, respectively. The greatest increases in mean weight diameter of soil aggregates and field
capacity plant water availability were observed in the B10 and B15 treatments. The amount of plant-available
water in B10 and B15 was 38.9% and 37.5% higher than the control, respectively. In addition, the results also
indicated a greater effect of biochar treatments on increasing plant-available water compared with compost
treatments. Plant available water in B10 treatment was 21.7% higher than CO45 and 26.3% higher than CO30
treatment. The results indicated that there were no significant differences among B10, B15, and CO45 with respect
to soil pH, organic carbon, and phosphorus availability. However, the biochar treatments (B10 and B15) were
significantly more effective than CO45 in enhancing soil potassium availability, improving soil physical
properties, and increasing plant-available water.

Conclusion

Overall, it can be concluded that biochar application at 10 t ha™* and compost application at 45 t ha™* represent
the optimal rates for improving soil chemical properties in calcareous soils of sugarcane fields. Furthermore,
biochar at 10 t ha™ was the most effective treatment for improving soil physical properties and enhancing water
availability for sugarcane.

Keywords: Bulk density, Nutrient availability, Organic amendments, Sugarcane residues, Water availability
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Table 3- ANOVA (mean squares) for the effects of treatments on soil chemical characteristics

Olapo (uKibe
& d")’i 4 Mean squares
Oy Degree of LY S S astegle SK JT s ovred BB i HB oy
S.0.V. freedom Sk Soil lectrical Soil organic S SB g ywd
Soil pH conductivity carbon Soil available P Soil available K
Sok 2 0.004" 0.004" 0.002" 0.11"s 86.3"
Block
slass - - - o
6 0.018 0.002" 0.072 42.5 1699
Treatment
s
12 0.002 0.005 0.001 0.25 37.2
Error
oo
Oy 161 9.24 5.58 7.86 8.37
C.V (%)

2oy3 ) Jlein] pdaw 53 g3 xe g o imepé iy g

ns

"s and **: non-significant and significant at p<0.01, respectively
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Table 4- Comparison of the average main effect of biochar and compost application treatments on soil chemical properties

Jos SB ik
Treatment Soil pH
Cc 7.882
COss 7.79°
COao 7.74bcd
COss 7.674
Bs 7.76%
Bio 769cd
Bis 7.67¢

S Colan S oms
EC Organic carbon
2.602 0.45°
2.502 0.594
2.792 0.77%
2.682 0.882
2.728 0.75¢
2.602 0.82%
2.432 0.862

5,155 (P<0.05) (¢ )ls gxo M3 Sil> g05] ol 1y o 4> S yitio g > (gl gl pSSlio
oyl e pa B1s 9 B10 Bs g cosgeed 1S 13 5 FO o Ve D zolaw (slajles g (g0 9 CavguS 31yl8 (yg) sl 55 4 :CO45 4 CO30 LO15 .C
Sl o Jlrge SR )3 5V 9 Ve D sk
Means with similar letter (s) are not significantly different according to the Duncan’s test (p<0.05).

C, CO1s, CO30 and COs4s are conrol and compost treatments at 15, 30 and 45 t ha'! levels respectively and B5, B10 and B15 are
biochar treatments at 5, 10 and 15 t ha levels respectively.
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Figure 1- Mean comparison of treatments effect on soil available P
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Means with similar letter (s) are not significantly different according to the Duncan’s test (p<0.05).

C, CO15, CO30 and COs4s are conrol and compost treatments at 15, 30 and 45 t ha® levels respectively and B5, B10 and B15 are
biochar treatments at 5, 10 and 15 t ha levels respectively.
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Figure 2- Mean comparison of treatments effect on soil available K
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Means with similar letter (s) are not significantly different according to the Duncan’s test (p<0.05).

C, CO1s, CO30 and COs4s are conrol and compost treatments at 15, 30 and 45 t ha'! levels respectively and B5, B10 and B15 are
biochar treatments at 5, 10 and 15 t ha* levels respectively.

S (K58 SS9 2 B )lod 53U (Slaspe uile) (il ly 41520 -0 Jgar
Table 5- ANOVA (mean squares) for the effects of treatments on soil physical characteristics

Ol o (nibe
&l;n a _ Mea? squares —
: S . _ Cad b Cugb, _ S8 <l
Cluds g3l B S kS g il pild (53,03 Cagb, -
S.O.V. df g Mean weight diameter of e Permanent wilting oS (o yiwd
Bulk aggregates (MWD) Field capacity point (PWP) Plant available
density (FC) water
Sk
2 0.001" 0.002" 0.003" 0.03" 0.006"
Block
)l"“" *k ok *k >k
6 0.029 0.068 0.068 0.06" 3.798
Treatment
s
12 0.001 0.002 0.002 0.011 0.028
Error
oyl
&l yuis 4.72 6.23 5.23 412 6.94
C.V (%)

2oy3 ) Jlein] pdaw 53 g5 gxe g o imepé ud iy I g™

"s and **: non-significant and significant at p<0.01, respectively.
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Figure 3- Mean comparison of treatments effect on mean weight diameter of aggregates (MWD)
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Means with similar letter (s) are not significantly different according to the Duncan’s test (p<0.05).

C, CO1s, CO30 and COs4s are conrol and compost treatments at 15, 30 and 45 t ha'! levels respectively and B5, B10 and B15 are
biochar treatments at 5, 10 and 15 t ha levels respectively.
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Figure 4- Mean comparison of treatments effect on soil bulk density
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Means with similar letter (s) are not significantly different according to the Duncan’s test (p<0.05).

C, CO1s, CO30 and COs4s are conrol and compost treatments at 15, 30 and 45 t ha'! levels respectively and B5, B10 and B15 are
biochar treatments at 5, 10 and 15 t ha* levels respectively.
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Figure 5- Mean comparison of treatments effect on soil water content at field capacity (FC)
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Means with similar letter (s) are not significantly different according to the Duncan’s test (p<0.05).

C, CO15, CO30 and COs«s are conrol and compost treatments at 15, 30 and 45 t ha® levels respectively and B5, B10 and B15 are
biochar treatments at 5, 10 and 15 t ha™® levels respectively.
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Figure 6- Mean comparison of treatments effect on plant available water (PAW)
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Means with similar letter (s) are not significantly different according to the Duncan’s test (p<0.05).

C, CO1s, CO30 and COs4s are conrol and compost treatments at 15, 30 and 45 t ha'! levels respectively and B5, B10 and B15 are
biochar treatments at 5, 10 and 15 t ha* levels respectively.
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