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Figure 1- Flowchart of the research methodology steps.
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Figure 2- Correlation of Teleconnections Indices at Different Lags with PM2.5 at the Zahedan and
Khash Stations.
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Figure 3- Feature selection with Boruta method at Zahedan Station.
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Figure 4-Feature selection with Boruta method at Khash Station.
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Figure 5- PM2.5 prediction with a) Bagged CART

b) Gradient Boosting ¢) Random Forest d)

LightGBM e) XGBoost models at Zahedan Station.
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Table 1- Comparison of machine learning models for PM2.5 prediction at Zahedan Station.

Model _ RMSE _ MAPE _ R?

Train Test Train Test Train Test
Bagged CART 8.556 7.584 15.211 12.180 0.766 0.787
LightGBM 8.657 6.794 14.130 10.560 0.760 0.829
Gradient Boosting 5.493 5.097 9.548 8.187 0.904 0.904
Random Forest 5.395 4,769 9.678 7.256 0.907 0.916
XGBoost 1.896 1.724 3.073 2.355 0.989 0.989

Sr50L s o 3l eoliiwl b PM2.5 S iy

B o o eiilo
Bagged ) uile 6,50l Jow zu o Skes @l
Gradient Boosting LightGBM CART
o > (XGBoost 4 Random  Forest

Gl 5 SowolisS Sl wnss o Lol sgy g L
Joe o Slee o Loz Jlmo (Y V--Y-1F) alds
-F+) lwsie slaojlail o i o LIghtGBM

0>y 0 5l a8 ST L (GuxSayin 2 )59 5o Ve salsgylis & S 3 A olSiiay] 9 PM2.5 ke
GaeolisS Sllugs (cmiian ;0 ol &8 5 09 yig @D 5 cds a8 3g o] Sl mls onl el ond
gy elin Jao oSlee 0y oslite K0S, L bJos ol

Sl s IS X5, i o Bagged CART

a)
o0

©)

€)

Random (d LightGBM (c Gradient Boosting (b Bagged CART (@ s Jao U PM2.5 Joo yiun —F JSCi

B o o XGBoost (e Forest

Figure 6- AOD prediction with a) Bagged CART b) Gradient Boosting ¢c) Random Forest d)
LightGBM e) XGBoost models at Khash Station.
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Table 2- Comparison of machine learning models for PM2.5 prediction at Khash Station.
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Figure 7- a) Feature importance diagram b) Changes in climatic indicators using the SHAP method
c) Sensitivity analysis of indicators using the Sobol method d) Analysis of the importance of
permutation of indicators at Zahedan Station.
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analysis at Khash Station.

SHAP s zls 0 azg5 b 50 (YVFF ;Lo
L WHWP & b cuie Sl yiian ol las
soo 736 LAMO jlas Jb 0058 5 F b
Julos ol g il 50 PM25 clale
Comlas  opyiis ol olas Sobol el
San 43) 53 5 3 sho x36 L AMO & bg s
PRI Jdos ol olel o 0g F 56 L WHWP
10 coeal jliah F b L WHWP asls
Ol B3 o8 0 QLulis jiie 0 338 31 lgeay

L piiio Comwlins 9 Comod| Judoxi' (Lo yiog ) donnns Lo

W ol 50 Joo (S
o 2 N il Glo s pala el
sy, 5l eolaul L ol oKl ;o PM2.5
2l ol 00l 4SS 50 Joe e ilises
s AMM sl sy o a5 ol las s oyl
D 0ty 5 e 9o oS o im0 WHWP
XGBoost  slo T3y cawnl Judos ulol 5
OF\ coonl Ll 5 ao 3B L AMM asls
oS b ol gluls Jule (5,135 31 olgicay
¥ ,o3b s (Y8 jlaeh £ 5t LAMM a5y il



GRS

agy obxl gl b sole Sl mls ()l

ot o drwgi 0 (89959 le e
ool oaisanlllane ablais ) lgp CodS

w3l 00w L PMaus clade o 590 31 wigu sl s lis Wiyl b3yl

5t o ols 0 PM25 o ol olas
oSl 95 o (ool Sl I Slosuzy Joles
slagsy, ples o Jl ool b el o1 5 el
osa) el Lugldl b by slagasls Julow

khash - Feature imgontance (XGH0aSE]

a)

c)

b)

d)

khash - Permutation_mportance

—
HH
I
—T—
——
-
o

{ITH

L b asls Comblus Jdsi (CSHAP g, b coud8l sl oLl Ol i (B (S 509 Comod! jloged (8- JS&
P 8] 55 a5 byl gnd] Julos (@ Sobol s,

Figure 9- a) Feature importance diagram b) Changes in climatic indicators using the SHAP method
¢) Sensitivity analysis of indicators using the Sobol method d) Analysis of the importance of
permutation of indicators at Khash Station.
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Extended Abstract

Introduction and Goal

In recent years, air pollution, especially the increase in the concentration of PM2.5 particles
matter, has been raised as one of the significant environmental challenges. Due to its specific
geographical location, which is located in the path of the 120-day Sistan winds, along with the
decrease in annual rainfall, Sistan and Baluchestan province provides favorable conditions for
the formation and intensification of dust phenomena. In this regard, teleconnections play an
important role in climate change and, consequently, in air quality. The main objective of this
research is to evaluate the impact of teleconnection indices on PM2.5 concentrations in Sistan
and Baluchestan Province using advanced machine learning models. Therefore, meteorological
data and PM2.5 concentrations were collected from Zahedan and Khash stations over two
decades and combined with teleconnection indices. Then, using correlation analysis and feature
selection methods, five machine learning models were evaluated to identify the best model for
long-term estimating PM2.5 particulate matter concentrations was identified. The results of this
research both led to a better understanding of the complex relationships between climate
variability and air quality, by provided a detailed analytical framework, provided a practical tool
for policymakers in air pollution management.

Materials and Methods

This study used a comprehensive multi-stage analytical framework, and meteorological data and
PM2.5 particle concentration were collected from Zahedan and Khash stations during the period
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2000 to 2021 and supplemented with teleconnection index data from the NOAA Climate
Prediction Center. After careful data preprocessing, which included quality control (checking
for impossible or anomalous PM2.5 measurements and correcting or removing suspicious
measurements), data temporal synchronization (matching PM2.5 data and remote linkage
indices based on history to ensure the synchronization of independent and dependent
measurements), and missing data replacement (using the nearest valid measurement, temporal
averaging, and statistical interpolations to preserve the original data distribution), a dual
analytical approach was implemented. First, Pearson correlation analysis was used to measure
linear relationships between teleconnection index and PM2.5 levels. Then the Boruta algorithm
identified the most effective features at time lags of 0 to 6 months. Five advanced machine
learning models including Bagged CART, LightGBM, Gradient Boosting, Random Forest, and
XGBoost were evaluated, with 70% of the data used for model training and the rest for
validation. Performance evaluation was performed using three criteria: root mean square error
(RMSE), mean absolute percentage error (MAPE), and coefficient of determination (R2), and
for interpretability of the models, four advanced techniques were used, including permutation
feature importance (PFI), SHAP values based on game theory, Sobol sensitivity analysis, and
partial dependency diagrams (PDP). All analyses were performed in the R software
environment (4.2.0).

Results and Discussion

The results showed that the effect of teleconnection indices on PM2.5 particles concentrations at
Zahedan and Khash stationswas significant. At Zahedan station, the highest positive correlation
was related to the PDO index (0.158 with a 5-month lag) and the AMO index (0.212 with a 0-
month lag). On the other hand, the highest negative correlation was related to the AMM index
0.336 with a 2-month lag) and the WHWP index effect (-0.420 with a 4-month lag). At Khash
station, the highest positive correlation was related to the PDO index (0.159 with a 2-month lag)
and the highest negative correlation was related to WHWP (-0.385 with a 4-month lag).
Analysis of the importance of features using the Boruta method showed that the greatest
predictive role of PM2.5 was related to the WHWP index with an average importance of 13.63
with a 6-month lag in Zahedan and with an average importance of 10.51 at 5-month lag in
Khash. In the evaluation of the models, XGBoost was identified as the best model with
exceptional accuracy (R2=0.989 in Zahedan and R2=0.993-0.994 in Khash) and minimal error
(MAPE=2.36-3.07 in Zahedan and MAPE=1.5-1.8 in Khash). The results of sensitivity analyses
showed that the greatest effect was related to the AMM index (with a significance score of 685
in Zahedan and 561 in Khash). On the other hand, with certain lag times, the behavior of the
WHWP and AMO indices were nonlinear and complex. Overall, the results indicate significant
effects of ocean-atmosphere oscillations (with correlation coefficients ranging from 0.15 to 0.42
and significance scores ranging from 5.6 to 13.6) on regional air quality. The performance of the
XGBoost model in long-term PM2.5 forecasting in the study region was very accurate.
Conclusion and Suggestions

The results of this study showed that the highest positive correlation with PM2.5 concentrations
at Zahedan station was related to PDO and AMO indices, and the highest negative correlation
was related to AMM and WHWP indices. The XGBoost model was identified as the best
prediction model, which had high accuracy with the lowest error. Also, the results of SHAP and
PDP analyses showed that the effects of the AMM and WHWP indices on PM2.5
concentrations were complex and nonlinear, and the time lag in these effects was very
important. At Khash station, the AMM, AMO, PDO and WHWP indices also played an
important role in predicting PM2.5 and indicated the significant effects of climate fluctuations
on air quality. These findings indicate the importance of nonlinear relationships and critical
thresholds in air quality modeling. Based on the results of this study, it is suggested that remote
sensing indices be continuously monitored to predict periods of high particulate matter
concentrations for the purpose of preventive decisions and actions. Also, it is suggested that,
based on the differences observed between the two stations (Zahedan and Khash), more
attention be paid to local and regional characteristics in air quality modeling.
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Figure 1- Location of the Kobi Baba Ali wetland, northwest of Iran.
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Table 1-Results of two-way ANOVA to determine the effects of complete dry and dry-dewatering
conditions (moisture conditions) and cyanobacterial inoculation concentration levels on treatments
soil nitrogen and organic matter.

Variable Soil depht

Variation sources

df Mean Square F-value Sig.

Moisture conditions
0-1cm Inoculation
Moisture conditionsxinoculation

Total nitrogen (%)

0.001 7.526" 0.014
0.003 29.486™ 0.0001
0.00002 0.196™ 0.898

Moisture conditions
0-5cm Inoculation
Moisture conditionsxinoculation

0.001 4.186™ 0.058
0.001 7.175™ 0.003
0.00001 0.055™ 0.982

Moisture conditions
0-1cm Inoculation
Moisture conditionsxinoculation

Organic matter (%)

1.613 27.455™ 0.0001
0.039 0.664™ 0.586

Moisture conditions
0-5cm Inoculation
Moisture conditionsxinoculation

0.355 3.842™ 0.068
1.964 11.562™ 0.0001

1
3
3
1
3
3
1 0.302 5.146" 0.037
3
3
1
3
3 0.004 0.450™ 0.987

ns= not significan
*= significantly at p<0.05
**= significantly at p<0.01
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Table 2- Results of one-way ANOVA to determine differences (p<0.05) cyanobacterial inoculation
effects on soil nitrogen and organic matter content under completely dry and dry-dewatering

conditions.
Treatments Variable Soil depht Variation sources df Mean Square F-value Sig.
Between groups 3 0.001 18.488™ 0.001
0-1cm Within groups 8 0.0001
Total nitrogen Total 11
(%) Between groups 3 0.0001 1.732™ 0.237
0-5cm Within groups 8 0.0001
Completely dry Total 11
Between groups 3 0.860 15.34™ 0.001
0-1cm Within groups 8 0.056
. Total 11
Organic matter (%) Between groups 3 0468 8.31" 0,008
0-5cm Within groups 8 0.059
Total 11
Between groups 3 0.002 12.968™ 0.002
0-1cm Within groups 8 0.0001
Total nitrogen Total 11
(%) Between groups 3 0.001 16.646™ 0.001
0-5cm Within groups 8 0.0001
Dry-dewatering Total 11
Between groups 3 0.793 12.891™ 0.002
0-1cm Within groups 8 0.061
. Total 11
Organic matter (%) Between groups 3 0.582 4.613" 0.037
0-5cm Within groups 8 0.126
Total 11

ns= not significan
*= significantly at p<0.05
**= significantly at p<0.01
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Figure 2- Comparison of the mean soil nitrogen (a and b) and organic matter (c and d) content in

response to cyanobacteria inoculation treatments (0, 1.5, 3, and 6 g m2) under both completely dry

(a and c) and dry-dewatering (b and d) conditions.
(Similar upercase letters indicate no significant difference (p>0.05) among inoculation treatments at each depth and similar
lowercase letters indicate no significant difference (p>0.05) between depths at each inoculation level).
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Table 3- Results of an independent samples t-test to determine the mean difference (p<0.05)
between the two groups of completely dry and dry-dewatering conditions on soil nitrogen and
organic matter content at each cyanobacteria inoculation level separately.

. . . Treatment .
Variable Inoculation concentration Completelydry _ Dry-dewatering df t-value Sig.
0 (control) 0.111 0.117 4 -0.792™ 0.472
Total nitrogen 1.5gm? 0.122 0.132 4 -1.036™ 0.359
(%) 3gm? 0.140 0.151 4 -1.521™ 0.203
6gm? 0.155 0.169 4 -3.096™ 0.003
0 (control) 1.63 1.81 4 -0.570™ 0.599
Organic matter 1.5gm? 2.24 2.70 4 -2.751™ 0.051
(%) 3gm? 2.69 3.80 4 -0.718™ 0.512
6gm? 2.80 2.95 4 -2.370™ 0.077

ns= not significan
**= significantly at p<0.01
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Extended Abstract

Introduction and Goal

Healthy ecosystems are vital for sustainable development, serving as the foundation for food
security and biodiversity while providing essential resources and services for survival and well-
being. Weaknesses in implementating sustainable development plans lead to increased
exploitation of resources and instability of ecosystems, particularly in water and soil
management. Furthermore, unsustainable practices have led to the formation of new and fragile
landscapes. Permanent or seasonal dryness of wetlands, due to unsustainable water
consumption, is one of the negative consequences of improper exploitation of water resources,
turning their beds into sources of dust. Despite extensive efforts to stabilize and enhance the
sustainability of beds, the durability and effectiveness of conventional solutions for controlling
wind erosion in these beds have faced challenges due to the periodic flooding of wetlands.
Recently, the approach of inoculating cyanobacteria aimed at stabilizing erosion-sensitive beds
has gained attention; however, its effectiveness under dry-flooding conditions of wetlands has
not been examined. Furthermore, direct measurement of wind erosion resulting from bed
stabilization efforts, as well as the use of indicators determining soil erosion sensitivity, such as
organic matter content and total nitrogen from the components of soil biological richness, is also
common. Therefore, this study was conducted to evaluate the effects of inoculating different
concentrations of native cyanobacteria on the organic matter content and nitrogen in the soil
under conditions of complete dryness and dry-flooding.

Materials and Methods

For this research, the international Kobi Baba Ali Wetland, in West Azerbaijan Province in
northwestern Iran was selected. This 500-hectare wetland is known as the Ramsar Convention.

Article Type: Research Article

*Corresponding Authors’ E-mail: h.kheirfam@urmia.ac.ir

Citation: Sadeghi Gajouti, S., Kheirfam, H., Najafi, S. 2026. Assessment of the Effects of Inoculating
Different Concentrations of Cyanobacteria on Organic Matter and Nitrogen Content in the Dried
Seasonal Wetlands Bedsof seasonal wetlands. Watershed Management Research. 39(1): 26-44.

DOI: 10.22092/wmrj.2025.370375.1629

Received: 12 August 2025, Received in revised form: 30 August 2025, Accepted: 22 September 2025
Published online: 21 March 2026

Watershed Management Research, Vol. 39, No.1, Ser. No: 150, Spring 2026, pp. 26-44.

Publisher: Fars Agricultural and Natural Resources and Education Center ©Author(s)




	روی جلد فارسی.pdf (p.1)
	داخل جلد فارسی.pdf (p.2)
	فهرست.pdf (p.3)
	1624-nahaei- (1) .pdf (p.4-28)

