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Introduction

The olive tree (Olea europaea L.) is one of the most significant and ancient cultivated plants in the
Mediterranean region, prized for its edible fruit and high-quality oil. However, the increasing scale of olive oil
production has led to the accumulation of large quantities of solid waste, particularly Olive Solid Pomace (OSP),
which poses considerable environmental challenges due to its high organic load and phytotoxic components.
Sustainable management and valorization of this waste are crucial for reducing environmental risks and improving
the circular economy in agricultural systems. This study aimed to evaluate the effects of compost and
vermicompost derived from OSP, both in enriched and non-enriched forms, on the yield of olive fruit and the
quality characteristics of the resulting olive oil. To this end, a field experiment was conducted during the 2018
growing season in a traditional olive orchard located in Rudbar, Gilan Province, Iran. The experiment was carried
out using a randomized complete block design (RCBD) with 12 treatments and three replications using the
‘Arbequina’ cultivar, a well-known olive variety cultivated for its high oil content and quality.

Materials and Methods

Compost and vermicompost were first produced from olive solid pomace. After analyzing their basic
physicochemical properties, several treatments were biologically enriched using plant growth-promoting
rhizobacteria (PGPR), including Bacillus megaterium (phosphorus-solubilizing), Azotobacter chroococcum
(nitrogen-fixing), and Thiobacillus thioparus (sulfur-oxidizing). Additional treatments were chemically enriched
by incorporating 1 kg each of urea (as a nitrogen source), triple superphosphate (as a phosphorus source), and
elemental sulfur at a rate of 1% by weight. The experimental treatments included: raw olive pomace, unenriched
compost, chemically enriched compost, biologically enriched compost, unenriched vermicompost, chemically
enriched vermicompost, biologically enriched vermicompost, a full NPK fertilizer treatment, a manure-only
treatment (10 kg of animal manure), and a no-fertilizer control. All olive waste-based amendments were applied
at 3% w/w. NPK fertilizers included urea (750 g in three split applications), triple superphosphate (250 g), and
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potassium sulfate (750 g). Micronutrients such as magnesium sulfate, manganese, iron, zinc, copper, boric acid,
and elemental sulfur were applied based on soil test recommendations. Uniform horticultural practices, including
surface drip irrigation, weed control, pest management, and other cultural operations, were applied across all plots.
Post-treatment, soil samples were collected at depths of 0-30, 30-60, and 60—-90 cm to measure pH, EC, organic
carbon, and available phosphorus. Foliar sprays were prepared with 1,000 ml solutions of urea and potassium
sulfate (10 g/L), zinc sulfate (3 g/L), and boric acid (5 g/L) and applied twice at sunset using a handheld sprayer.
Fruit yield, oil content, and selected oil quality parameters were then assessed.

Results and Discussion

Application of biologically enriched vermicompost significantly improved olive yield and oil quality. Trees
receiving this treatment produced 50.33 kg of fruit per tree—an increase of 93.58% compared to the control.
Similarly, the highest oil yield (11.14 kg per tree) was recorded in the biologically enriched vermicompost
treatment. The lowest peroxide value (1.06 meq O, kg™ oil) was also observed in this treatment, representing an
88.27% reduction compared to the control. Organic fertilizers positively influenced the oil percentage of the fruit,
with biologically enriched compost yielding the highest oil content (57.7%), which was 132.2% higher than the
control. The extinction coefficients K270 and K232, indicators of oil oxidation, were reduced by 96.2% and 78.5%,
respectively, in the biologically enriched vermicompost treatment. Furthermore, this treatment resulted in the
lowest free fatty acid content, 94.7% lower than the control. Leaf phosphorus content was also significantly
enhanced, reaching 0.33% in the biological vermicompost treatment, a 230% increase over the control. These
findings underscore the beneficial role of organic fertilizers, particularly biologically enriched vermicompost, in
improving soil fertility, nutrient availability, and plant performance. The high phosphorus content in the compost
and vermicompost, combined with microbial activity, played a pivotal role in enhancing both yield and oil quality.
The application of PGPRs proved particularly effective, as they not only facilitated nutrient cycling but also
contributed to improved physiological responses in olive trees.

Conclusion

Overall, the results suggest that olive trees fertilized with biologically enriched organic amendments derived
from olive pomace benefit from improved oil quality and fruit yield. The presence of adequate phosphorus and
beneficial bacteria played a pivotal role in enhancing plant nutrition and oil characteristics. Therefore, the use of
PGPR in the enrichment of composted organic materials can be an effective and sustainable strategy to improve
the productivity and quality of olive oil. Among the treatments, biologically enriched vermicompost emerged as
the most effective and is recommended for further field application. Future research should explore other organic
amendments and their long-term effects on olive orchards.

Keywords: Compost, Olive oil, Pomace, Vermicompost
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Table 1- Some physical and chemical properties of orchard soil before treatment application
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CCE EC
Mg kg* % dsSm? %
Sand Loam 25 1915 10.6 0.02 0.23 32 1.85 7.25 56 35 9
Sand Loam 2.3 88 9 0.01 0.18 34 1.50 7.25 62 27 11
oialojl g1l 51 U8 (595) (012 295 9 (gt I 4o alis -Y Jgoo
Table 2- Analysis results of olive pomace and animal manure (cow) before the experiment
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K s et - . H
Parameter il Total N oc Moisture S P
CIN EC
bl_’ % dsm!
Unit
Ogs I
Olive pomace 32.14 0.68 21.86 37.9 2.88 75
ol 258

Animal manure 23.76 0.99 23.53 28.28 3.8 7.36

The pH and electrical conductivity of olive pomace and manure .. (s xSojlul Ve Cans > o> 365 5 905 dl5 S5 xSl colin b8 o pH
were measured in a ratio of 1:10
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Table 3- Chemical compound of compost, vermicompost obtained from olive pomace
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il Vermicompost  Compost il Vermicompost Compos Lt en Vermicompost ~ Compost
Chemical (mgkg?) (mgkg?) Chemical (%) t Chemical (%) (%)
compound compound (%) compound
Fe ava 470 450 Total Fe 0.25 0.23 Moisture 29.26 30.11
M 330 220 Total Mn 0.66 0.47 o.C 31.86 30.75
n ava
20 15 Total Zn 0.08 0.06 Total N 1.69 1.25
Zn ava
Cu 95 65 Total Cu 0.17 0.16 Total P 2.18 0.44
K 676 778 CIN 18.85 24.61 Total Na 5.1 35
ava
Na 400 300 CEC 33.48 3043 Total K 23 39
ava
380 320 pH 7.06 7.2 Total Ca 6.95 4.25
P ava
Color Dark brown Dark brown EC 2.02 2.25 Total Mg 1.6 14

0395 4 S S 9 (VN ) PH g yie 2 uitonjwd ey (1)) (S pSUl colin ekl e )5V e+ 5 Vg (S oy (S5 o5 byl ool #
# The values of cation exchange capacity are in meq/100 grams, electrical conductivity (1:10) in dS/m, pH (1:10), and C/N ratio are

unitless.
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Figure 1- The effect of different raw olive pomace products on olive fruit yield
(VB= Biological Vermicompost, VC= Chemical Vermicompost, V= Vermicompost, CB= Biological Compost, CC= Chemical
Compost, C= Compost, OM= Olive mill, Blank= Posetive Control (with 10 kg of cow manure), NPK (750 grams of urea, 250 grams
of triple superphosphate, 750 grams of potassium sulfate), Control= Without cow manure)
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Figure 2- The effect of different raw olive pomace products on the peroxide value of olive oil
(VB= Biological Vermicompost, VC= Chemical Vermicompost, V= VVermicompost, CB= Biological Compost, CC= Chemical
Compost, C= Compost, OM= Olive mill, Blank= Posetive Control (with 10 kg of cow manure), NPK (750 grams of urea, 250 grams
of triple superphosphate, 750 grams of potassium sulfate), Control= Without cow manure)
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Figure 3- The effect of different raw olive pomace products on the percentage of olive fruit oil
(VB= Biological Vermicompost, VC= Chemical Vermicompost, V= VVermicompost, CB= Biological Compost, CC= Chemical

Compost, C= Compost, OM= Olive mill, Blank= Posetive Control (with 10 kg of cow manure), NPK (750 grams of urea, 250 grams
of triple superphosphate, 750 grams of potassium sulfate), Control= Without cow manure)
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Figure 4- The effect of different raw olive pomace products on extinction coefficient (Kzo)
(VB= Biological Vermicompost, VC= Chemical Vermicompost, V= VVermicompost, CB= Biological Compost, CC= Chemical

Compost, C= Compost, OM= Olive mill, Blank= Posetive Control (with 10 kg of cow manure), NPK (750 grams of urea, 250 grams
of triple superphosphate, 750 grams of potassium sulfate), Control= Without cow manure)
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Figure 5- The effect of different raw olive pomace products on extinction coefficient (K2z2)
(VB= Biological Vermicompost, VC= Chemical Vermicompost, V= Vermicompost, CB= Biological Compost, CC= Chemical

Compost, C= Compost, OM= Olive mill, Blank= Posetive Control (with 10 kg of cow manure), NPK (750 grams of urea, 250 grams
of triple superphosphate, 750 grams of potassium sulfate), Control= Without cow manure)
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Figure 6- The effect of different raw olive pomace products on free fatty acids
(VB= Biological Vermicompost, VC= Chemical Vermicompost, V= Vermicompost, CB= Biological Compost, CC= Chemical

Compost, C= Compost, OM= Olive mill, Blank= Posetive Control (with 10 kg of cow manure), NPK (750 grams of urea, 250 grams
of triple superphosphate, 750 grams of potassium sulfate), Control= Without cow manure)
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Introduction

This study examined the influence of glutathione on iron availability in calcareous soils and its effect on the
iron availability from various iron sources for peanut plants. Calcareous soils, prevalent in many regions, challenge
nutrient availability, particularly for micronutrients such as iron, manganese, and zinc, owing to their high pH
levels. Despite adequate iron levels in these soils, plant accessibility remains restricted, often resulting in iron
deficiency symptoms, such as chlorosis, due to impaired chlorophyll synthesis. Various strategies, including the
development of resistant cultivars, organic amendments, and mineral or chelated iron fertilizers, have been
explored to mitigate iron deficiency. Chelated iron fertilizers, especially iron sequestration (EDDHA) agents, are
commonly used in calcareous soils to enhance iron availability in plants. However, their environmental impact
and cost-effectiveness are concerns, prompting interest in alternatives such as iron oxides, which are cost-effective
and environmentally friendly. Studies have suggested that iron oxides, particularly magnetite nanoparticles,
support plant growth and enhance the availability of iron. Additionally, growth stimulants, such as glutathione (a
tripeptide with antioxidant properties), have been investigated for their potential to alleviate iron deficiency.
Glutathione not only boosts plant defense mechanisms but also improves reactive oxygen species availability.
Recent studies have shown that the foliar application of glutathione in iron-deficient plants can significantly
increase total iron uptake and enhance photosynthesis. This study aimed to investigate the effects of glutathione
on iron bioavailability from various iron sources and growth parameters in peanuts cultivated in calcareous soils.

Materials and Methods

The experiment was conducted in a greenhouse at the Agricultural Research Center of Ferdowsi University of
Mashhad and, employed a completely randomized factorial design with three replications. The factors were iron
sources (control, iron sequestration (EDDHA), iron oxide, and iron filings) and glutathione foliar application (0,
1, and 2 mM, four times per growth season: 29, 38, 42, and 48 days after planting). Soil was sampled from a farm,
and some of its physical and chemical properties were analyzed using conventional methods. Macronutrients were
added at the recommended dosage to minimize interference with iron treatment. The iron levels were 0 and 50,
1370, and 108 mg kg for sequestration, iron oxide, and iron filings, respectively. Glutathione foliar treatments
were applied at four growth stages (29, 38, 42, 48 days after planting) in concentrations of 0, 1, and 2 mM. The
plants were grown in pots with soil moisture maintained at the field capacity. After 66 days, the plants were
harvested, and parameters such as dry shoot weight, total iron uptake, and nitrogen content were measured. The
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iron content in plants was determined using atomic absorption spectroscopy, and nitrogen was quantified applying
the Kjeldahl method. Statistical analyses were conducted using SAS software, and mean comparisons were
performed using Duncan's test at the 5% significance level.

Results and Discussion

The study revealed that glutathione, either alone or in combination with iron sources, notably improved peanut
plant growth and iron uptake. Iron sequestration (EDDHA) was the most effective treatment, significantly
increasing dry shoot weight, particularly when combined with 2 mM glutathione. The combination of glutathione
and iron treatment substantially boosted total iron uptake in both the shoots and roots of peanut plants. Notably,
iron sequestration (EDDHA) with glutathione resulted in a 20% increase in shoot iron uptake and a 34.3% increase
in shoot nitrogen uptake compared to glutathione treatment alone. Glutathione application also enhanced iron
filings, leading to a 55.6% increase in root iron uptake by shoots and a 50.6% increase in iron concentration in
shoots, as extracted by phenanthroline. The results indicated that glutathione improved and facilitated iron
translocation from the roots to the shoots. Iron filings, a cost-effective iron source, showed significant results when
paired with glutathione, enhancing both shoot dry weight and iron uptake. This synergy between glutathione and
iron treatments suggests that iron sequestration (EDDHA) is more effective when combined with glutathione,
resulting in alleviating deficiency symptoms of iron, such as chlorosis, and promoting overall growth.

Conclusion

This study underscores the positive impact of glutathione on iron availability and growth in peanut plants
grown in calcareous soils. Applying glutathione significantly increased iron uptake in both shoots and roots,
nitrogen uptake, and plant biomass. Iron sequestration (EDDHA), combined with glutathione, emerged as the most
effective treatment, improving shoot iron and nitrogen uptake by 20% and 34.3%, respectively. Additionally,
glutathione enhanced the efficacy of iron filings, an economical iron source, suggesting its potential as an
alternative to expensive iron fertilizers. Glutathione application also reduced chlorosis and improved iron
translocation from roots to shoots, supporting its role in enhancing iron nutrition in crops grown in iron-deficient
soils. This study offers insights into the role of glutathione in managing iron deficiency stress and recommends
further exploration of optimal application rates and effects on diverse crops and soil conditions.

Keywords: Iron oxide, Iron sequestration (EDDHA), Glutathione
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Figure 1- The interaction effect of different levels of iron and glutathione on shoots dry weight

Feo: without Fe, control; Fe(111)-EDDHA: iron sequestration; Feoxi: iron oxide; Feore: iron filings; GSHo, GSH1, and GSH2: 0, 1,
and 2 mM glutathione, respectively
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Figure 2- The interaction effect of different levels of iron and glutathione on root dry weight
Feo: without Fe, control; Fe(l11)-EDDHA: iron sequestration; Feoxi: iron oxide; Feore: iron filings; GSHo, GSH1, and GSH2: 0, 1, and
2 mM glutathione, respectively
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Figure 4- Interaction effect of different levels of iron and glutathione on total iron uptake of shoot
Feo: without Fe, control; Fe(l11)-EDDHA: iron sequestration; Feoxi: iron oxide; Feore: iron filings; GSHo, GSH1, and GSH2: 0, 1, and
2 mM glutathione, respectively
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Figures 5- Interaction effect of different levels of iron and glutathione on total iron uptake in roots
Feo: without Fe, control; Fe(I11)-EDDHA: iron sequestration; Feoxi: iron oxide; Feore: iron filings; GSHo, GSH1, and GSH2: 0, 1, and
2 mM glutathione, respectively
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Figure 6- Interaction effect of different levels of iron and glutathione on nitrogen uptake in shoots.
Feo: without Fe, control; Fe(l11)-EDDHA: iron sequestration; Feoxi: iron oxide; Feore: iron filings; GSHo, GSH1, and GSH2: 0, 1, and
2 mM glutathione, respectively
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Introduction

Soil available water (SAW) is defined as the difference between field capacity (FC) and permanent wilting
point (PWP). FC is the amount of soil water content held by the soil after the gravitational water was drained from
the soil. PWP is defined as a minimum water content of a soil which is needed for the crop survival and if the
water content decreases lower than PWP, a plant wilts and can no longer recover itself. The direct measurement
of FC and PWP soil water contents is very costly and time consuming; therefore, it is useful the use of different
intelligent models such as neuro-fuzzy (NF), gene expression programming (GEP) and random forest (RF) to
estimate FC, PWP and SAW through easily accessible and low-cost soil characteristics. The objectives of this
research were: (1) to obtain NF, GEP and RF models for estimating SAW from the easily accessible soil variables
in the cultivated lands of Ardabil plain, and (2) to compare the accuracy of the mentioned models in estimating
SAW using the coefficient of determination (R?), root mean square error (RMSE), mean error (ME) and Nash-
Sutcliffe coefficient (NS) criteria.

Materials and Methods

The measured data from 102 soil samples taken from 0-10 cm soil depth of the cultivated lands of Ardabil
plain, northwest of Iran, were used in this study. Sand, clay, mean geometric diameter (dg) and geometric standard
deviation (og) of soil particles, bulk density (BD) and organic carbon (OC) were introduced as input variables to
the applied three intelligent models for estimating soil available water (SAW). Data randomly were divided in two
series as 82 data for training and 20 data for testing of models. In all models, six different input variables
combinations were used; SPSS 22 software with stepwise method was applied to select the input variables.
MATLAB, Gene Xpro Tools 4.0 and Weka softwares were used to derive neuro-fuzzy (NF), gene expression
programming (GEP) and random forest (RF) models, respectively. One of the important steps by using NF method
is selecting the appropriate membership functions (MFs) and its numbers. Based on a trial and error procedure, 3
numbers of MFs and 50 to 100 optimum replications were found for the NF modeling. Also, the input MFs were
chosen as “triangular”, “trapezoid”, “generalized bell” and “pi” and the output MF was selected as “constant”. A
set of optimal parameters were chosen before developing a best GEP model. The number of chromosomes and
genes, head size and linking function were selected by the trial and error method, and they are 30, 3, 8, and +,
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respectively. The rates of genetic operators were chosen according to literature studies. Various tree numbers were
analyzed for choosing the best random forest (RF) method. Increasing the tree numbers beyond 100 made lower
variations in the average squared error values for the SAW estimation cases. The accuracy of NF, GEP and RF
models in estimating SAW was evaluated by coefficient of determination (R?), root mean square error (RMSE),
mean error (ME) and Nash-Sutcliffe coefficient (NS) statistics.

Results and Discussion

The studied soils were loam (n=53), clay loam (n= 26), sandy loam (n= 15), silt loam (n= 6) and clay (n=2)
textural classes. The values of sand (24.40 to 68.00 %), clay (3.80 to 42.90 %), dg (0.02 to 0.26 mm), o4 (7.48 to
19.41), BD (1.04 to 1.70 g cm), OC (0.31 to 1.52 %) and SAW (5.10 to 25.10 % g g'!) indicated good variations
in the soils of studied region. Significant correlations were found between SAW and BD (r = -0.59), clay (r =
0.56™), OC (r = 0.45™), and sand (r = -0.44™). NF, GEP and RF models were applied to estimate SAW using six
different combinations of input soil variables (sand, clay, dg, o, BD and OC). The results of the best NF, GEP
and RF models indicated that the most appropriate input variables to predict SAW were OC and BD. The values
of R?, RMSE, ME and NS criteria were obtained equal 0.73, 2.51 % g g, 0.09 % g g**and 0.71, and 0.76, 3.10 %
gg?l, -1.41%gg?and0.56,0.68,3.30 % g gd, - 1.45 % g g%, 0.50 for the best NF, GEP and RF models in the
testing data set, respectively. Numerous investigations also showed that there is significant negative correlation
between SAW with BD and sand and positive correlation between SAW with OC and clay.

Conclusion

The results from the three investigated intelligent models indicated that organic carbon (OC) and bulk density
(BD) were the most important and readily available soil variables for predicting soil available water (SAW) in the
study area. Among the models, the Neuro-Fuzzy (NF) approach demonstrated the highest accuracy, as evidenced
by the lowest root mean square error (RMSE) and the highest Nash—Sutcliffe efficiency (NS) values. In contrast,
the Random Forest (RF) model provided the least accurate estimates of SAW, performing worse than both the NF
and Gene Expression Programming (GEP) models.

Keywords: Intelligent models, Prediction, Readily variables, Soil water
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D92 15,65 5 SAW 5915 15 YU s g b (sl 51 o5 Jao 95 4 cows NS 3L jlaie g ME Jao 45 oo jlade RMSE S jlase

Ladgn slaJdo «dldg pite )9y «SB Ol gualS g0y

.(2017; Cheema, Shah, Farooque, et al., 2024
b slacasb, Ml 5l (SAW) S oslizul LB o
Cush) o unsts (PWP) Sils (53,0 i § (FC) T e,
SB o 8 Ol zep il g & cawl Sl Jlde jl oyle FC
2olae p> oS cunl ol Hlade il le PWP Cugboy g o0 (6,005

CVR-T
iy L 5 (SAW) S sl L5 cundg j M

sty Celled il g 55 (3] bl g o2Sm) s)ll (3
oS 8 (gilodund 9 29l b5 (raw Uy (slwand SB-
Shiri, Keshavarzi, Kisi, & Karimi, ) cuwl ;g8 coenl 3l
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4- Field capacity
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25 <8 IGEP Jao g ¥ dix (g9 i (omas slaaSed Juo L
iz SB wigai VA 3 SB iishy (i 251 59 o5 sl
Shojaei et ) )Ken 5 sbxd Ldg )58 5 LS Il Cocio
Sol5S oliile)S pudlyy dibate jl Coie slaSs ) (al., 2023
MLR (sla o b auolis ;0 ANN Jio 5 CanngsS Jdo 50,8
PWP 4 FC 0050 )5 yieS sllas g sy > ¢ls SVM 4 RF
!y GEP Jus 5l (Cheema et al., 2024) |)San 5 Loy .55
oM g5 aw b UK jl cowio SaSs 5> ugboy (Soxie 0yl
ool cplaio cul (sl 55,8 odlitel (i p3) 5 s econs) b <l
0o 5 oS s mls pogase p (o) o (o3 o
Ol ol 245 4B)S L5 53 Jae (639)9 Sl (lyicds S
Vo) Siid odgazme o |y S ighy sovie Cuwilys GEP Jaw ol
ok lad 9 Vb cds b (oo 203 V1) el U (oo 0oy
N5 yiyl58 (Kiani & Bayat, 2024) wly 5 SLS .53 wess
Cors il el cuslg MLR Jao b awslis 3 RF Jawo oS
Wse3 Ve 13 aod P UYY 5o & SB uobo) doxie uesS
20,5 len g oyl sl w5l Cowie S

&l S ab plis piagg cpl > 485 plxl e ()
PWP FC 3505 sl (smae ras a5 5 (g )S) JUi
Wer 5 el el by sy cuds S 5 SAW,
OleMbl wlul 5 (Jg cusl o &) (Amirabedi et al., 2013)
ol Gisteliy ety Al diadign (slaJao ylo )5 0250
Junyl gl a5 SAW 561, o dolas K g o5
Ly S Jsl gl S5 ipm ) ool 0325 gt 55T
sl byl ddldrog Mosdigr sl Jde jl odliiwl g Miws (o0
2 (SAW 5 PWP FC) S g culyd 35051 gl oyl
gl ol dilaio 9 (550l dlgo d dagi b Juoyl cuds slaSB
Sigd kol Ban (plply o)l Slejl sl 4 5L e
59lp sy RF g GEP NF (cla Jue &il)) 25l 39 ojle pils
9 dwdyl s s cdldgs sla e 55, 5| SAW
sl ylxo 3l oolizl L SAW 35915 53 56She (sla St b dunlio
0xSks (RMSE) "'t oo (lho ygiono (R) (e
(NS) " il 5 > 5 (ME) s

7- Support vector machine

8- Multivariate adaptive regression spline
9- Model tree

10- Root mean square error

11- Mean error

12- Nash-Sutcliffe coefficient

[(Jury & Horton, 2004) 39 oo cigie olS w3, )] 51 jieS
9 4oy sl )5 SAWy PWP FC uite (5 p50jll
Bl () 5 ol o5 plosl 65b5 (slo s iy 23U so ol
I e (5 S0jlal gl 4 S g, (oo 35 5 ke
oy o (o8 Al S AianS 5 c8bdgj sla Sy )
prr ol sl pwrin (o) 2l Slodl g (dg) Sl

Amirabedi, 1ile) 395 035 e JI 325 5 sl jogase
Asghari, Mesri, & Keivan behjo, 2013; Shiri et al., 2017;
Jafari, Ojaghlou, & Karbasi, 2021; Shojaei, Farhadi

.(Bansouleh, Fatehi, & Rahmani, 2023

bt Ggee)S) sladie p (e (ot JUil @lg (956
3 5 (MNLR) "lay (s 5 e S, 5 (MLR) 65122
Tsilbgy ANNT eginn uas 45 aile diedgn sla Jas
Sl RF) 7 (ol JSiz g (GEPP o5 ol (520062 <(NF)
S b ) (SAW 3 PWP FC) S e (sizgo bl 3591
OhBen 5 (1930 S8l drwrgi SB dinjanS g Jpogl o sl
s MLR (¢la Jio 51 (Merdun, Cinar, Meral, & Apan, 2006)
5 03,5 ool SB aiges VAD 3 PWP 4 FC 540, (¢l ,ANN
9 e 3909 syt 1y g s plb pogase pya oS Al
cés (Amirabedi etal., 2013) -, Kan g gsle ol 2539y 135 3]
V+Y ;5 SAW 4 PWP FC 5,50, ;3 1, ANN y MLR (sl Juto
s (0500 )y g duglie Jud)) cudd l codie S digel
oy 4 5 339l )3 ANN Jio by s 5 YU e il
Ostovari, Asgari, & ) ol)Ken 5 (g)lguol g1 jeShe ugb,
SB 4505 YOO )0 MLR (sla Jss (5,5, 54 L (Cornelis, 2015
PWP 5 FC 1055 10 nto (83535 (s puxito 5l g g oy aizdly ;o
MLR (sl Jao gl (Shirietal., 2017) o)1 g (5 pud 104
o9esS s el (SVM) Y ol oy cpwisle RF GEP NF

FC 350 51 (MT) "33 Jss 5 (MARS) %o piio iz iulas
P s oy Jolb S (039)9 slayiiie g9, I PWP
By o)l coie S 450 VY 3 dg g el jogasce
dl)la NF J.\.o &S als uL.uJ @13.: f.\sb)f ) u,o)lé Oh’.wl u.cl))' 9
e O 3 (eSS Cone (pcinns gl MT Jie 5 cn 3L
Jafari et ) ol\Ken 5 (gyam> ingh guls g aslas dyg0 sl
dsliio )3 (o)Ll s clraSis Jie oS 35 o LS5l (al., 2021

1- Multiple linear regression

2- Multiple nonlinear regression
3- Artificial neural network

4- Neuro-fuzzy

5- Gene expression programming
6- Random forest
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ol syl (NF) (gjlgy diadon (bg) aw 4 SAW gjlu
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lay (Zhang & Zhangh, 2024) Slj ¢ Sl allie > le5 oo |,
(SAW) S oslizwl b OI (gilo e gy Limoi ol 5D 2903
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sonsny GEP g, ,» (Ferreira, 2006) 15,5 ooliwwld.0
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oslitl Jao (55l 53 (RMSE) s Clasyo 555k pgiome Jils
g Jolds Jao el anlyd 35,0 5 (0l slo Slas 0500
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5 (FC) (selyj cad b (slacugh, (I ()8« (osasie p >
J) 45 SB Lges VoY 3as & bgrye (PWP) il (5,08 abais
oghS YYer 2ot Colue b syl cuds ely; ol Ap 58l
(Amirabedi et al., 2013) 15,5 oslatwl oy 0l 4y &y
Gee) 4ol B ¥ (s yag)hd (Boy 4 () 9 oo ep8 3 sl >
lig 30kl olol s () JS5) S5 il LudS 5 (& OF, 2002
3 13lsl Bloxil g (dg) (Silhe sl yiolyly g s S0l (5555188
L o1 &) Lly, 51 odlizl b SB @l lé wis (og)
duwbxe (Shirazi & Boersma, 1984) lawys 5 (53l
Nelson & Sommers, ) 5 :ygmobions (39, & JI op)Styn )3
Blake) !l clodilsiul ;5 (BD) (¢,nls ogaske py> o (1982
03l ab (6503l e Bl B glas)l 5 lad 4 (& Hartge, 1986
-SB pFC cogby Joleo) Jb +/V (i 0 S cugby sl s S
buwgio S ;3 FC cugby Joleo) ;b /Y (cdbedsyy sl
-yl > (B, oSS 3 FC oy Jolao) i +1Y 5 (il
(S dan 13 PWP cysh, Jokee) Jb V0 iSe )3 5 il clo
3hedlatwl b (syie Juo ¥ Sl onis 0nlyd8 S sladiges o
slod 08 SKis ol 5l w9 s Glis oKiws
JB O (Gardner, 1986) «é,5 plosl S35 b9, 4 V-0 °C
4wl PWP  FC slacusb, Ml 51 (SAW) S oala!
SB sadigas glb Shg S (Bauer & Black, 1992) 4,55
@ i b ol osd 03,91 V Jgin 0 yols imgh 4 edliul 340
BY) coslio s 8L £95 | SIS &S 3950 otalie | S5
o pgl 903 7 (5 pgl Wi VB (o) gl Wigei V7 cpg) diges
Pt )I3)95 2 () B903 ¥
Ggipan] = Bg)S5alsS (igeil b laodls iy g Jloy
oyt don sloodld ol Ui o9 Jloy ygeil (03,5 wyp
el 4 borjo Slslons s 513555 Jloyb @8 il anlllan 3590
09 bysie m (Y J932) Ogwpm (Nwsed copd g ooy
€8bdg; sl yite oy (MLR) Al (o S90S @y (3l
SPSS J38lpys )3 5 4 o5 (29 & (SAW) by o> e L SB-
Joi2) Saee )5y Jde b plS @ 5 b9y (polsly A8 ploil 22
(b Jold (63959 CBbdgj slaysio Jl (Solite oS L (¥
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4 .(Amirabedi et al., 2013) 1,55 by (SAW) <l y0 yuxio
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1- Stepwise
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Figure 1- Distribution of textural class in the studied soils
axdlho 5,90 dikio ;3 S o pitie Swogi (go,bI Y Joua
Table 1- Descriptive statistics of soil variables in the studied area
o 3 09!
vV ”fw’bl Training (n=82) Testing (n= 20)
anaple Min. Max. Mean Sd. Min. Max. Mean Sd.
BD (g cm™®) 1.04 1.70 135 0.15 1.15 1.60 1.39 0.15
Sand (%) 24.40 68.00 4145 831 28.30 65.00 4440 10.96
Silt (%) 24.40 57.60 3793 7.75 23.30 4990 3640 843
Clay (%) 4.40 42.90 20.61 931 3.80 42.20 19.18 9.04
dg (mm) 0.02 0.26 0.07 0.04 0.02 0.25 0.09 0.06
og (-) 8.02 19.41 13.69 3.05 7.48 1748 1331 2.73
OC (%) 0.31 152 0.85 0.26 0.37 1.10 0.70 0.20
SAW (% gg?') 5.10 20.40 13.72 3.21 5.10 25.1 1404 478

&l il :og (geometric mean diameter) <)y jlad wsis 1 Sibe Uy (s SAN o Silt o, : Clay (bulk density) ¢ el jogase p > :BD
il >0l :Sd (soil available water) S5 ool 5 T :SAW ((organic carbon) 1 -, :OC (geometric standard deviation) «l,> _swsa 5 skl
.Jilis :Min ¢ sSlus (Max (. S5ke :Mean (Standard deviation) skl

(n=102) e (53959 (51 yaio 9 S5 03Ut Jil8 Of (g (1) (ogow y (Simmod g 3o =Y Jgo
Table 2- Pearson correlation coefficient (r) between soil available water and input variables of models (n=102)

#*  gand  Silt Clay dg o OC  BD
Variable

SAW  -0.44" -0.08™ 0.56™ -0.42" 0.28" 0.45™ -0.59"
ol 015 03591V Jgdo 25 5 b yuiiie pSMe Cinogs o> B 9V Jlass] prdaw 53 ) ime o iy e gt
: Significant at P < 0.05 and P < 0.01, respectively.

* Kk

Variable symbols description is available under Table 1. ™



\FO Sy yaolip (s3g s g gy 3l eoliwl b S soliw! LB gT Gibwdoo (g yol g SLLE jguiws

(Amirabedi et al., 2013) S oaliiw! JB Of (MLR) ailfwia s cyomw )5y s Ja0 Y Joso
Table 3- MLR models of soil available water (SAW) (Amirabedi et al., 2013)

8 ylewd Jse
Number Model
1 SAW =503 0C-9.97 BD +21.01
2 SAW =5.350C - 6.97 BD + 21.01 + 0.09 Clay + 14.85
3 SAW =-0.12 Sand + 5.55 OC + 11.99
4 SAW = - 0.08 Sand — 10.22 BD + 28.91
5 SAW =-7.32 BD +5.08 OC — 36.87 dg + 18.68
6 SAW=-7.19BD +5.730C +0.28 o4+ 12.83
sl 01 03,51V Jga 25 3 it oy
The description of the variables is available in Table 1.
(GEP) 03 ol s325%U 2 Jo gl iolly pusliie £ g
Table 4- The values of GEP model parameters
Values Genetic factors Values General adjustment
0.044 Mutation rate ie> ¢ 30 Number of chromosome lap ;5095 slass
0.1 Inversion rate (¢l &5 8 Head size . ojlul
0.3 One point recombination rate class S5 S 5 ¢ 3 Number of genes a3 sl
0.3 Two point recombination rate glabas 93 cuS 5 5 (+) zox Linking function s U
0.1 Gene recombination rate ,j .S 5 ¢ 5 RMSE  Fitness function error type xb (slas ,las

)J‘)J &mb SAW oui ))91){ 9 d)..fo)l.b] )i.)l,a.n :Moa UT » oS
Lasgs 01 plool clod 51y 15l Sz o5 RMSE o dn b £tz
9 9l poie ME cute polie .l 5585 0aiiS 3y9lp Joo
AnNS (oo S1amd o (i 1) o (63,9105 o it 3lie
54,8 sl Vb B3 b slo e o cul o Sily ail K
e it JolS 3ollas )3 SAW os 3590y g (6503l ol
ﬁl).g u.’é.) cJJ.o LSLQ'))ST)'f &S ‘_j OM.}‘_’)L&? NS ).tb.o L: ﬁl).g

.._\J)I.) 1AW ‘_5),51:)’1,\3] dl}bo)b wiﬁLA cé b

Z (Yi(p) - Yi(m) )2

RMSE = |2 ()
n

n
ZYi(D) - Yi(m)
ME= = (v
n
n 2
NS =1 — Ei;l(Yi(p)_Yi(_m))z ()
Y (Yigm)—Ym)

D)I.b‘ )JDLOA A.,u.:).séb K 9 Yi(p) ch(m) &y 9 Yo dthdbl:w »

lawgs SAW o ‘_g)ﬁfb)’l.\a" ﬁ)lﬁa U‘i’l“"’ 9 oD b)ﬁ]ﬁ “_g);
=de le 31l e Jde 2 0 SAW (gl aosld slasi N g Jue
5 GEP INF o oy pcaslio SAW 3y, gl o sbx] sl
Somo bl Sgojl sloedls 13 (639)9 (slapite oS5 L RF

Breiman, ) cyep bwg b ool (RF) olay [ Juo
o o2 5ok S K bl S a3 ) (2001
Jio el 485 o S pte y Sy el b igensSy o 85 13
@ o den o] o oSl (B>l @S Uty K
ol 5l JKs g Litus dtuwly (Bolal sl jusie | sldsgezes
(Shirietal., 2017) ,b oo dy ,S0085 ,US" )3 a8lg 0l Jomw S
2925 Syt I Slasgerme 15 S c8 3 o 1 RE Jao 5
Wiaty b3 Dl 55 9 CB 0 ya 40 Wb 63555 dlis 9 o las!
oo lal Gl g nl 53 23,5 oo e s g (o gy @
390y 6l RF s (lyal o e o odlizul Weka jéle 5 5| RF
25 90 dgrge (SwS ko Y L (SAW) S oolizel b o
Casddy <353 Vov ol 4 (Miree= 2) 0,5 ;o Solal degoome
ol
033 V4 Y goomme | pols aind o aidy S gla Jdo den
JHe el lpoabd Ve g Jho (90l (sl 030 AY it o (gl
5 09590 Sy (slodls Ol pess aiald 0 )3 bl balas jeboay
2 0 o3litul (o pite o sl o Sl V S 53 g3l (s
Ol piad Ml )ly58 0 (S I ol (gl
Al wh S35 Loy igail 5y g GBiel (s Lo yuite
5y9l5 3 RF g GEP INF (glaJae 15 5 cd> b)) sl
Ghorbani et al., ) NS ¢ ME RMSE R? ¢lao bl ;| SAW
@Vl s Sl () & Se3p)R? oYL ppolie 5 eslizl (2019
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JHe 055 (52 (sl5) 3 08 o b ) Eadge ol (¥ g
ol egase pr g I (S 399 ke 93 L) ojled
e 93 L ¥ o)led Jae 5 (NS =0.65 s RMSE = 2.77 % g g1
s RMSE = 2.87% g g7) (33 5 ol pogase £ 399
g0 1 o {0 Jgi2) 3,15 )18 SAW 5], i 51 (NS = 0.62
Sl Y osled Jao (338 sbay Juo (b 2yl slooylel ol
OhSen g nle sl (LS (hnghy 53l )l SAW 2l
cpols Baios glaodly (65, » o (Amirabedi et al., 2013)
ANN e 3522 o (RMSE =3.07 % g g) MLR e (5502
£ 5 0% ol 05 o905 o 4 L (RMSE =3.05% g g)
G685 50 (63l8g 5 e 1 ool ¢l by S0 00l asuis Jwd)!
Sghan (was b g Se)S) gdie b amlie 3 5k
de0 ¢l RMSE ialS cle o (Amirabedi et al., 2013)
5 s sbasl b gl cpl 3,8 S eslil b8 Ol s
b 09w sS) oy b awalio )3 (/8 5 /A plpy s il p2)
FC LSLQ;«J9]0) .))91).3 )0 ('/\c\ 9 <[y ).3‘).3 u.a.».a) w‘).w) cblf.\.o

Syl lgeon o)ls il aSs 3 PWP 4

©T3,91 52 6152 (GEP) 03 Ol 5220l 3 sladse galis
(SAW) L& ouldieut 6

slayesie oS 5 plon L (GEP) o ol 6325808 Jio
oyl (1 Jsio) abaiz (s (5 )5 sloue 599
claoylol polie S Jgas 130008 slb (SAW) S oslizul 16
xSike (RMSE) Lot Slay (Sl spione dRE) (s oty
Jie 38kae 5 syt (NS) il = 535 g 5 (ME) s
NF (o o dilad Casl 005 03,5 SAW (40055 ;5 GEP sl
SMo il 55 SAW 349155 )3 GEP (sla Jao 5 Shas (cabas, lp
2 )5 oolatwl duslie 1> NS 3 YL s RMSE gy 4ol
095l G 2 0 ojleas GEP Jue 39 0 saalie ¢ jolul
5 6ol pogasce p (Il ()8 93909 e o b (£ Jsie)
il e 4 SAW 3y50,, a5 51 (dg) s b ki (5Solie
o b duwslis 0 63Vl ez ¢ (glyls @b NS 4 oS RMSE
50 GEP (sl Jsa

Jie B3 o :,..)JMJ,\AOW.T.W;W);;\A@LJJ&
395050 )15 2 Wlorits o3litul Jaa 590l 3 &8 olmesls (sl &

oaliiend Jal8 03T 5912 5158 (NF) (5318953 (sladse galis
(SAW) sta
s3ly5s Jso i (SAW) S1s oalisl 6 5,51 (sl
Soe)Sy gy oad odlal (639y9 lajiie bl (NF)
s oty Slnglne lio 0 Syt 5 13,5 sl [ Jpiz)
5 (ME) 5 (:Sils (RMSE) 3 0loyyo (:5ike spioee (R
28 5 NF (sla o o sl (NS) GolS5l = 25
2k @ R? 6,8 e cul Ko .l oas 48l,) SAW 5],
o & Ko RE LI 5 4l o5 oS b oo sluiel toxis ol
e Sy oAb g ySelul g 3yl polie 38> bl Sk
Ol oaimd )l dded R? (39 YU 505 ojle & il il oo
Kozak, Pachepsky, Sokolowski,) caws s g
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s 5 (R 5 GEP INF) oolisial 5y90 diadgn Jio du b (il
» NS (39 YU g RMSE (390 oyl wlaol o SAW 591, >
Waseem, Mani, ) oL,5en 5 euly 05 pbxl (5051 (glaosls
—ui o)l (glyp 1y p5 (sabas > (Andiego, & Usman, 2017
Jaio 155505 &1)) Jio 35051 5,Skas syl 5 51 (NS) CarlSls
(og5) 150 ¢ +IVD 5 NS jlude (g5 jla) /Y0 ¢V 5w NS
B ySasS NS e g (Jgid LB) <10+ 5 /50 oy NS ke
NS o)l (1352 Yo 9 RMSE o,lel (35 (s sliso 2 (osllasl)
ao b (8 J322) ¥ ot NF Jao 15 oanlio (905l (s 2
2905 25 51 oy 5 5l ogase p o (S (63909 it
2olae 09 NF (gla Jao polu b duwlio o (6 5V cés (glyls SAW
g bjgal sbedly (¢ly Jae ol NS 9 ME RMSE R?
sodls gly g /88 5 /- % g gt MAY % g gt /55 Ly
duwloeo </VY § +/+2 % g gt ¥/ % g gt VYl Sges]
Sole S9eil sloodls (sl ME e Jj lade (0 Jgi2) 10,5
15l e ¥ oylod o Loy SAW _ably jlaie J| Lt Sl 5,40
i) (NS = 0.71) s Jso ol 3,Skos (NS oyl bl
W3 oo U3 (7 Joaz) Jao ol (Sgm )y dblae (pizmod 2950
L sppll oo py 5 ute codle b oy 5 J 8 85
ale 4 I )8 e Cuto 35U 003,35 Jie 3y ike ceaMe
e 3l iy 50 4 SAW 30052 )5 5V (90005 ) oy (215
015 I oS Glayite Cute g )b e (Stuad 13l 0
SAW L (s alb (ogasio py e (ke 5 )3 dne (Staren
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Table 5- Evaluation criteria for NF models of SAW

RYO 990!
Testing set Training
sylod  §39y9 Spiie _, RMSE ME , RMSE ME
Number Input variables  (%99%)(%gg?) (%gg")(%gg?)
1 0C, BD 0.66 2.77 -0.08 0.650.56 2.11 0.00 0.56
2 OC,BD,clay 0.73 251 0.09 0.710.66 1.87 0.00 0.66
3 OC,sand 051 3.29 0.07 0.500.48 2.31 0.00 0.48
4 BD,sand 0.63 2.87 -0.07 0.620.47 2.32 0.00 0.47
5 OC,BD,dg 0.62 2.99 0.88 0.590.72 1.70 0.00 0.72
6 OC,BD, og 0.64 2.96 -0.07 0.590.65 1.90 0.00 0.65

ol 035 0391V Jgdor 0 53 U yuisie Cnogs -yl 1 RZ dad Slaye (0 Silo yoidome : RMSE Sl i oy NS
R2: coefficient of determination; RMSE: root mean square error; NS: Nash-Sutcliff coefficient. The description of the variables is
available in Table 1.
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Table 6- Evaluation criteria for GEP models of SAW

095! 3
Testing set Training
5 o £3953 (51 yeiio ,  RMSE ME \s me RMSE ME \S
Number Input variables (%gg!) (%ggh) (%ggh)  (%ggh)
1 OC, BD 0.74 3.23 -1.58 0.52 0.53 2.18 -0.02 0.53
2 OC, BD, clay 0.69 3.42 -1.61 0.46 0.56 2.12 -0.07 0.56
3 OC, sand 0.51 3.91 -1.81 0.30 0.46 2.35 0.01 0.46
4 BD, sand 0.68 3.32 -1.01 0.49 0.46 2.35 -0.12 0.46
5 OC, BD, dg 0.76 3.10 -1.41 0.56 0.55 2.15 0.04 0.55
6 OC, BD, og 0.74 3.32 -1.69 0.49 0.55 2.13 -0.04 0.55

el 05 03551V gin 305 53 W piie Chog? -l eyt R2 bt ,Silie :ME bt by 35k ysdoms : RMSE walSlom 25 o5 (NS
R2: coefficient of determination; RMSE: root mean square error; ME: mean error; NS: Nash-Sutcliff coefficient. The description
of the variables is available in Table 1.
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Table 7- Evaluation criteria for RF models of SAW

YO 990!
Testing set Training
o)l (639,9 GWmxe _, RMSE ME , RMSE ME NS
Number Input variables ~ (%0997)(%gg™) (%gg™)(%gg?)
1 OC,BD 060 354 -1.68 0.420.91 1.01 0.00 0.90
2 OC,BD,clay 0.72 3.33 -1.66 0.490.93 0.96 -0.03 0.91
3 OC,sand 040 4.08 -1.86 0.230.92 1.03 0.00 0.89
4 BD,sand 056 342 -1.29 0.460.92 1.08 0.01 0.89
5 OC,BD,dg 0.68 3.30 -1.45 0.500.94 0.92 0.00 0.92
6 OC,BD, og 0.72 3.37 -1.78 0.480.93 0.96 0.05 0.92

Cowl 035 53)9] V Jod 55 50 b pustio ol ped gy R? s 3l (ME dlas layye (655ke jadome : RMISE sG55 :NS
R2: coefficient of determination; RMSE: root mean square error; ME: mean error; NS: Nash-Sutcliff coefficient. The description of
the variables is available in Table 1.
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Figure 2- Comparison of predicted and measured values of soil available water (SAW) using the best NF model based on

testing data (n=20)
Table 5 provides detailed information about model and input variables.



VOV giydolip o539 55 sl sbay 5l oolii! b S ooliunl Bl T 63l Jos 5 yiuol § SLOL guivnc
25 - ; .
GEP (W) Line:1 .7
20 7 //,/
~ > s
(@) i e
o> 15 ,’~‘ Y
X RO )
N~— ’3; /. ’
: % ° % o
< 2 @
wn 10 A ’
23 ° ™
3 &
Qo 7
S .
GL) 5 a /,,
Q b
O T T T T
0 5 10 15 20 25
Measured SAW (% g g1)
o (g S 031
25
GEP (&) —@— Measured SAW s, o)
20 - - PredictedSAW-_ i
o~ 15 A
(@]
(@]
S
= 10 A
<
%)
5 _
0 1 1 1 1 1 1 1 1 1 1 1 1

8 9 10 11 12 13 14 15 16 17 18 19 20

Testing points

01 2 3 45 6 7

ool 33 (GEP) 05 ol (8325800 0 Jowo o sk 31 23! b (SAW) S o3liiiw! B O 00w 359153 9 (55051851 y33le dun blo —F S5
(n=20) Jgo;l slro3N>
ol 015 03y51 & Jgdz 13 (63959 (sl piio g Jho 4 gy pe ileMbl
Figure 3- Comparison of predicted and measured values of soil available water (SAW) using the best GEP model based on

testing data (n=20)
Table 6 provides detailed information about model and input variables.
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Figure 4- Comparison of predicted and measured values of soil available water (SAW) using the best RF model based on

testing data (n=20)
Table 7 provides detailed information about model and input variables.
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Introduction

Vegetation, as a key factor in ecosystems, has significant impacts on soil properties through multiple ecological
processes. Vegetative cover enhances soil structure and composition by stabilizing organic matter, reducing
erosion, regulating moisture levels, promoting nutrient cycling, and supporting microbial activity. While extensive
research has elucidated the effects of various vegetation types on the physical and chemical properties of soil, the
biological attributes of soil under different vegetation covers, particularly tree and shrub species, remain
underexplored. This study aims to comprehensively evaluate the characteristics of the organic and mineral soil
layers in areas dominated by Quercus macranthera tree cover, Crataegus microphylla shrub cover, Berberis
integerrima shrub cover, and a mixed Crataegus microphylla and Berberis integerrima shrub cover in Rudbar
County, Guilan Province, Iran. By examining these diverse vegetation types, the study seeks to elucidate their
differential impacts on soil health and ecosystem functionality, providing insights for sustainable land
management.

Materials and Methods

To investigate the influence of vegetation cover on soil properties, a rigorous site selection process was
employed. Following preliminary field assessments, study areas were chosen to ensure continuity of vegetation
cover and minimal variations in topographic factors, including elevation above sea level, slope gradient, and
aspect. This approach minimized confounding variables, allowing for accurate comparisons across vegetation
types. In each habitat, two 100 m x 100 m plots were implemented, with a minimum separation of 500 meters to
account for spatial variability. Within each one-hectare plot, five soil samples (30 cm x 30 cm surface area, 10 cm
depth) were collected from the organic and mineral layers at the four corners and the center of the plot. In total,
10 litter samples and 10 soil samples were collected from each vegetation type and transported to the laboratory
for detailed analysis. Laboratory assays evaluated a suite of physical, chemical, and biological parameters,
including soil aggregate stability, nutrient content, enzymatic activities, and microbial community dynamics, to
provide a comprehensive understanding of soil responses to vegetation cover.

Results and Discussion

The findings revealed marked differences in soil properties across the studied vegetation types. The Q.
macranthera tree cover exhibited the highest amount of essential nutrients in the organic layer, including nitrogen,
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phosphorus, potassium, calcium, and magnesium, reflecting its capacity to enhance nutrient cycling. In contrast,
the B. integerrima shrub cover consistently exhibited the lowest nutrient concentrations, indicating minimal
contribution to soil fertility. Analysis of soil physical and chemical properties further highlighted these differences.
The Q. macranthera cover demonstrated significantly greater soil aggregate stability, higher clay content,
increased proportions of coarse and fine aggregates, more favorable pH levels, and elevated concentrations of total
nitrogen, ammonium, nitrate, phosphorus, potassium, calcium, as well as greater fine root biomass. Enzymatic
activities, including urease, acid phosphatase, arylsulfatase, and invertase, were also significantly higher under Q.
macranthera, indicating robust microbial and biochemical processes. Conversely, B. integerrima cover recorded
the lowest values for these parameters, highlighting its limited impact on soil structure and function. Particulate
and dissolved organic nitrogen levels were similarly highest under Q. macranthera, reinforcing its role in organic
matter dynamics. Biological soil properties mirrored these trends. The Q. macranthera cover supported the highest
densities of soil microfauna, including Acarina, Collembola, and nematodes, as well as abundant protozoa, fungal,
and bacterial populations. Metrics of microbial activity, such as basal respiration, substrate-induced respiration,
microbial biomass nitrogen, and microbial biomass phosphorus, were also maximized under this tree cover,
reflecting a thriving soil microbial community. In contrast, B. integerrima cover exhibited the lowest values for
these biological indicators, suggesting a less supportive environment for soil biota. Temporal analysis of carbon
mineralization revealed significant variations at weeks 2, 4, 5, 8, and 12, with no notable changes at weeks 1 and
17. The highest carbon mineralization rates were observed under Q. macranthera, while B. integerrima showed
the lowest. Nitrogen mineralization followed a similar pattern, with significant changes on days 7, 14, 21, 28, and
35, and the highest rates under Q. macranthera. These results collectively indicate that vegetation type, combined
with topographic factors like elevation, significantly shapes the physical, chemical, and biological characteristics
of soil in Rudbar County.

Conclusion

This study demonstrates that Q. macranthera tree cover significantly enhances soil quality compared to C.
microphylla, B. integerrima, and their mixed shrub covers. The superior physical, chemical, and biological
properties observed under Q. macranthera highlight its critical role in fostering soil microbial communities,
improving nutrient cycling, and maintaining soil fertility. Enhanced carbon and nitrogen mineralization rates
further underscore the importance of this tree species in driving biogeochemical processes essential for ecosystem
health. These findings have important implications for land-use planning, forest management, and ecological
restoration in Rudbar County. By prioritizing Q. macranthera in reforestation and conservation strategies, land
managers can optimize soil productivity and ecosystem resilience. Future research should focus on long-term
monitoring of these soil-vegetation interactions and explore additional environmental factors, such as climate and
land-use history, to further refine management practices. The integration of such data will support the development
of sustainable strategies that balance ecological health with agricultural and forestry objectives, ensuring the long-
term vitality of Rudbar County’s ecosystems.

Keywords: Carbon and nitrogen mineralization, Soil fertility, enzymatic activity, Soil physical and chemical
properties
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Table 1- Compare Mean for organic layer characteristics in the studied habitats

ol Ry . -
299 ol ly 4350
Habitat
; - ANOVA
SV gl Sy
Organic Quercus ; . . Si
properties macranthera Crataegus_m_lcrophyl_la and Crataegus ) Berber_ls F 9
| Berberis integerrima microphylla integerrima value b
69 S5 9 Sy dieel Sy S5 Fojlol 5 lkae
S ol 6.16 +0.83¢ 7.01+0.53bc 27.78 + 0.49ab 845+07a 4038 0014
Thickness (cm)
Say s
i 28.55 + 3.05a 27.69 + 2.6a 27.78 £ 2.46a 31.78 + 2.96a 0.479 0.698
(/.) Carbon
Sy e
- 2.53 +0.16a 1.69 £ 0.13b 158 +0.17b 1.26 +0.1b 7.408 0.005
(/.) Nitrogen
OF9r 4 ()5 S
Sy 14.69 + 4.01b 18.21 + 3.48ab 18.97 + 2.03ab 26.69 + 3.29a 2.358 0.087
C/N ratio
S 3.88 £ 0.16a 3.18+0.17b 3.13+0.25b 3.15+£0.19b 3.274 0.032
Phosphorus (%)
’W)L) 2.31+0.33a 1.75+0.12ab 1.6+0.11b 1.43+0.2b 3.077 0.039
Potassium (%)
°;‘ 2.73+0.42a 1.86 £ 0.12b 1.82 +0.21b 1.48 £ 0.16b 4.28 0.011
Calcium (%)
e 0.69 +0.05a 0.65 + 0.05a 0.56 + 0.06ab 0.43 £ 0.06b 3.483 0.025

Magnesium (%)
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O»L»I 2 45‘_5Jl> 0 ..\Mgu.a &ml)ﬁ Sk 0355 s GLOJ)l 9 649)1‘4::
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VPY OLS sy, ailaivo S gl S » slazss )s 9 (550 glogicdsy wili (ol )5e 5 25

axllle 3550 (0G93 S orlvomsd 9 (S id LS 5 (Hure Bl £ (4Sle) (ke dumnylio -Y Jgu>
Table 2- Compare Mean for soil physical and chemicals characteristic in the studied habitats

oy, oilyly 4528
B Habitat ANOVA
;l} ‘-"m ‘5“‘;}{9 Quercus _Crataegus Crataegus Berberis Sig.
Soil mineral properties microphylla and : . ) F-value
prop macranthera s - microphylla integerrima ) aw
| Berberis integerrima < P F o,
(T3] ] &w)) 9 ‘S‘..JS c\bv*oi *9 2 d)‘bl}.&c
J.u Casb) 44.39 + 1.54a 39.7 £ 3.28ab 33.34 £ 2.68hc 26.79 + 2.05c 9.54 0.00
Moisture (%)
S gl 2214+ 1.2a 26.3+2.2bc 29.88 + 1.95ab 32.45 + 2.49c 4.908 0.005
Temperature (°C)
Gl g p2 1.4+0.08a 1.52+0.07a 1.54 £ 0.06a 1.57 +0.06a 1.153 0.34
Bulk density (g cm™)
G gogate £ 2.31+0.08a 2.36+0.09 2.38+0.08a 2.39+0.06a 0.177 0.911
Particle density (g cm™)
< 37.73+£5.22a 34.66 + 3.57a 34.36 + 3.35a 33.33+3.83a 0.216 0.884
Porosity (%)
‘5.).@[{' 74.67 +2.51a 67.53 £ 2.13ab 60.96 + 4.48b 59.79 £ 2.29b 5.192 0.004
Stability (%)
o 24.6 + 1.66a 28.1+4.22a 27.7+2.78a 295+ 4.7a 0.337 0.798
Sand (%)
ULW 32.3+4.47a 31.1 + 6.66a 43 +3.5% 39.6 +4.78a 1.312 0.285
Silt (%)
il 43.1+4.42a 40.8 + 4.83ab 29.3+ 1.62c 30.9 + 2.99bc 3.526 0.024
Clay (%)
€y sl 53.4 +2.95a 43.2 +£3.31ab 37.7+6.81bc 26.8 + 2.65¢ 6.722 0.001
Macro-aggregate (g kg-1)
cdp At 033+0.05a 0.28 +0.03ab 0.22 +0,02ab 02+0.02b 2181 0407
C in Macro-aggregate (g kg™)
i }')')_ SSB 5> 0 0.22 +0.04a 0.18 £ 0.01a 0.17 £ 0.02a 0.14 £ 0.02a 1.348 0.274
C in Micro-aggregate (%)
. S 38.3+6.52a 32.1+2.22ab 24.4 +2.16hc 19.5+2.24c 4.82 0.006
Micro-aggregate (%)
N 0.28+0.04a 0.26 + 0.04ab 0.120.03b 0.15 + 0.05ab 2.83 0.052
N in Macro-aggregate (g kg™)
R et 0.21+0.04a 0.14 + 0.05a 0.11%0.02a 0.1+0.02a 1569 0.213
N in Micro-aggregate (g kg™)
wp“; b 7.02+0.11a 6.89  0.14a 6.19.+0.11 6.03 £ 0.26D 8.36 0.00
) el 0.37 £ 0.03a 0.35 + 0.03ab 0.29 + 0.03ab 0.26 + 0,03 2.442 0.079
EC (dS m?)
C")Egj) 3.08 +0.21a 2.65 +0.33a 2.38 +0.34a 2.31+0.4a 1.098 0.362
(1]
039 0.44 +0.03a 0.28 +0.04b 0.22 +0.03b 0.21 +0.06b 5.504 0.003
Total N (%)
o Y Ol & 008 Cod 7.44+0.81b 10.13 + 1.37ab 11.21 + 1.49ab 15.34 + 3.08a 3.021 0.042
C/N ratio
posisel 9 37.85+2.29% 33.2+3.45a 19.83 £ 0.92b 16.72 + 1.58b 20.26 0.00
NH4 (mg kg™)
el 44.29 + 2.85a 38.91 + 4.06a 27.41+4.03b 24.75+ 1.85b 7.776 0.00
NO3 (mg kg-1)
i s i 28.85 + 1.65a 20.65+ 1.78b 15.48 + 1.24b 14.89 + 2.85b 10.703 0.00
Available P (mg kg™)
. el 3 392.1 +19.88a 329.8 £ 27.02a 252.5 + 30.02b 204.1+£27.87b 9.845 0.00
Available K (mg kg?)
i 5 267.1 + 18.85a 229.1 +£21.95a 122.4+12b 121.4 +19.64b 16.235 0.00
Available Ca (mg kg%
44.6 £ 5.62a 37.8+5.3a 34 +2.37a 31.8+4.8la 1421 0.252

o2 e
Available Mg (mg kg




VFef pi-0lo,s ¥ oylod ¥R ul> (S g0l w s VAY

Oe) & Sl dedygh y95 M0 0jlal g B> (LB 4 Conns
S5 £l ol ogMe amd Ltlihl ) S5 glod Wlgi e &S Suo s
foeliane 195 (30 9 390 s0 i il & orie CLEN (133 5T e
w23 o il S oo S8 gl 5 SB o 4 & 1) s
a6l Sn sl b by S5 plgieds 550 slatidy,
O w5 Ol muitas 31 5 Yoo balae ol S o Jos
S o cdalrs 3l e b Asdysd 495 s il a5le lem
5 L)l ol bpusl)ly Seo Cumer (I3l el Wlgi oo oS
Edmondson, Stott, Davies, Gaston, &) s oS
(Leake, 2016
2 &bl mlE (S M (e Sl (peyp
Slagine Olyss @a3jled 5 piis qwx e)hr pgd ladiin
Sl cpl ppdan o Jol sloaian o a5 b o sy 392
cov SBp u;)f O (P OI)’,,e oYL e )bu_;m
(¥ Jgi2) 290 SK8)5 4 bguye e (3558 5 (59l €53 b
o iz ladidn (b 0p)S (0D (G 5 50 )b Sy
Cllad o LB ] olge 4y (ujtiod 0 i 5 30 Wl
stz )3 bl S Cugh) g lod il aome Ll g 029,500
9,50 Sl odls g o N dlge s2g oty Ygano ¢ ol
ORIFBL sldgne psbds ()8 D (Sdne domB ) 5 039 VL
Ly b 4l il o ol 45 oloazin 5 ¢ blio )3 . oo
Oyt Canl Sen wlodd deluol (09,500 culld (ol
Sharma, Setia, Rishi, ) susls b gxe (glol s I oabosnliie

Kumar, Singh, & Pateriya, 2025; Mendoza, De Neve,
(Deroo, Li, Frangoys, & Sleutel, 2025

2 Gl DRbgy cod S ) p)S e Ad (Sdee
L byl o ooaaie Jolgs r lgiee olRing) plo b awslie
< plailen b o SB09See 2l 5 (2L S Sy
Ao Jgase yobds (550 455 G lsiedr (gl ©E > 1 o)Ll
o 2y SB & ady; o35 9 S Y b |y e JI
Ol QR e g amd o0 Iy (09,500 cllad &5 S
el 0153 iy SISl cnl 2 0gMe D95 00 ()8 (AD (Saxe
20 9 9980 Sl g SEsie (2955w drelr S sbnl el
o Shg 292y WS Jutes |y 28 28T (00 4 I Jlse
Tokaw 9 gl A5le (353 akigS b lasye S ol olerdgn
O me Gl )3 age G 5 e o Jglre I o) 5V
(Ulusu & Darict, 2023) >l bol&uiygy cpl )0 30,5

ety slaS s

(HSE S Gl g e oyt pole gk @l G
B Seigian Sl i S U5 Sl (i SB plesl Syl
95 i el i (Sl Camex @ Cumer i)
bgiyo cpind (29,50 035355 (159580 (1955w 0357 izl
Uiy 4 (3late o Sy cnl e (23S 5 59l (B> by 4
Aozl uyn 290 sl Shy ple Ll g b5 glasuis
03555 «Setudl Sl (Sl egs; Sl Syl
(SBpS IS Glsl® S3pl 0355 S350l o Jlgl)d St
039585 Cumd 29,50 039565 S (SBpS [ o)
@ b (29)See 035555 Cumd (S 395 A Oier (9w
B3PS Cumd 1229550 03PS] OJas A (S S (JS pind
P95 B3PS Camd hud (29)Ss0 039555 4 (1S (2955
(9550 e (Selgrlie o pd Hhd (0950 039355 4 (g
(¥ Jgin) 8395 5 3 sine SHBT (ghls ()5 (o pio> B

s dlas ) St slaasls PCA Lo olul
bl st ecslodgicunss (S g (29,50 S S (gloey 3l
Epose (nl &5 il gl W5 Ghdg cod slaaise L)
2 paal)l s sl b g SVL (0g)See culid oims L
oz 5 SB (la S 5l (S SVL polie cunl (idgy o
OB ) > S Sy g (2950 035 ; (S (498 Syl
oo (S3glgST Jaloe 4 N o ytidgy ol b duslie ) (35
oo o2lB el plil s o S (21 Jide o)l (K
o 255 Ol Rl SB cugb) bis il el o5 08
ORIB zmed 9 6yl 9 (29,5ue Cumex i sl ol (pl 095
sl ot sl diy) Sl 9 Sy st G 51 slge gas
9SS lall 4 e (1553 3529 &5 aad e (LS Cliyis
5o (29,50 daale Sy 5l 095 g ) & 39 g0 S pedY oS
Ol SE 1) e jolis &2 claan])d 5 a8 e Sty
.(Xiang, Qiang, Liu, Liu, Ai, & Ma, 2023) s»>_.

bad s b dwlie ) GlS)0 ady) lapiums (uioxen
e polie Ol 4y ity o yiod § A 0 3985 S & 5 Gras
g & e Ml oo Sdres aliady) cpl WS Jued |y
Cuol Sl (295500 llsd (g a5 258 S (2lgn 5 losd L
»j S aso) . (Li, Liang, Peng, Cui, Huang, & Lin, 2017)
oyl e pYb slod b3y 55 SB L awslie ;o laasss
9 Libgy gl 4 bgipe Udes a5 0y cond (goaxie Jolgs & lg
S (2 Gy gy Ygane otz 3 casl ol 55 gl



\PO

S jlog; dibin S gla Sirg 1 slazs ) g 5555 s ey WU (o) Ken 9 o5

anllae 3590 (OB g, 13 S s j ST 129 (lme sl £ (5:55L0) (1S5 dunnlio - Joun

Table 3- Compare Mean for Biology characteristic in the studied habitats

oy, ilyly 4 5o
B Habitat ANOVA
Jb '”5 du";}ﬁ? Quercus macranthera Crataaer?; SBr:rltfgzzhylla Crataegus Berberis integerrima k- Sig
Soil biological properties & integerrima microphylla o g value s
. 2 i .
S § Sy Aol Sy Fojlel  g)lsline
i ;—g:;;@?\ F;l,l)s 1.9+0.348a 1.2 £0.326a 1+0.365a 0.8 + 0.46a 1.583 0.21
Epigeic density (n m?2)
) Jw)"’l 29 24.74 + 4.88a 14.27 £+ 4.03ab 9.73 £ 3.58b 9.48 £5.41b 2.476 0.077
Epigeic biomass (mg m?)
Skl gl 2.4+0.65 1.5+05a 1.2+05la 0.8+ 055 1485 0234
Anecic density (n m?)
sl P
[ 295 27.92 + 8.66a 20.3+6.7% 15.41 + 6.51a 10.06 + 6.94a 1.086 0.367
Anecic biomass (mg m?)
5390 gl
il Syl2 0.9 +0.34a 0.6 +0.26a 0.5+0.26a 0.2+0.13a 1.181 0.33
Endogeic density (n m?)
L_S:j;?&‘ 2P 12.07 £ 5.02a 8.23 £ 3.83a 7.25+3.77a 214+ 1452 1.187 0.328
Endogeic biomass (mg m?)
(E8 gl 8
Stes S ‘_51”5 5.2+0.86a 3.3+ 0.36ab 2.7 £0.95ab 1.8+ 0.98b 2.987 0.043
Earthworm density (n m2)
S oS IS 0505
Earthworm biomass (mg m" 64.74 £ 14.14a 42.81 + 6.01ab 32.4+11.61ab 21.69+11.72b 2.654 0.063
9
TR
‘5.)JL> A‘S o 61974.5 + 8971.15a 43521.1 + 8302.21ab 31328.9 + 5191.73bc 20463.5 +2448.67¢ 6.948 0.00
Acarina density (n m?)
Sk gl
@3S gt ,‘f 9 32908.4 + 6339.69a 21936.2 + 2294.95b 17626.7 + 1283.15b 12149.5 + 1471.7b 6.286 0.001
Collembola density (n m?)
&5SE IS sl
Total nematode (in 100 gr 753.4 £ 32.23a 464.3 + 28.22b 346.3 + 62.24bc 302.5 + 65.76¢ 16.43 0.00
soil)
SISB Seigen Sl
Protozoa density (in 100 gr 453.7 + 47.14a 312.8 + 33.86b 209.3 £ 14.36¢ 206.6 £ 21.21c 13.465 0.00
soil)
@b. e ) 3.4+0.19 1.59 £ 0.23b 1.01 £ 0.05c 0.59 + 0.06¢c 59.355 0.00
Total fungi (x107 g soil)
@A ez 6.449 + 0.49 2.4%0.21b 2.22+0.34b 1.91+0.21b 40983 0.00
Total bacteria (x107 g soil)
i 0.55 £ 0.03a 0.41 £ 0.03a 0.26 + 0.02c 0.23 +£0.01c 23.746 0.00
BR (mg coz g* day™)
S
Sl e b 1.28 +0.12a 1.09 + 0.08ab 0.84 + 0.14c 0.82 +0.07¢ 3.954 0.015
SIR (mg coz g day?)
S S 2395 441.1 +82.06a 308.2 +57.3ab 318.7 + 75.68ab 201.4 + 22.35b 2.367 0.086
MBC (mg kg™)
CiaFS e 039S 54.25+6.77a 33.29 + 4.56b 271244130 23.59 +3.75h 7.6 0.00
MBN (mg kg™)
& (OJ95 (529,50 03858
JS o595 129.73 + 18a 139.7 + 29.42a 122.1+9.47a 167.07 + 25.28a 0.804 0.499
MBN/Total N
b 2350 039855 67 +7.3a 49.2 +6.82b 31.4 £ 2.56¢ 26.7 +1.49c 12.418 0.00
MBP (mg kgl)
4 yhud (029)Su0 039365 s
S yiud 2.38 £ 0.32a 2.4+0.3a 2.11+0.22a 2.44 + 0.45a 0.202 0.893
MBP/ P
@ 005 (29550 03P8) Capmd
e ySa 0353053 10.65 + 2.91a 9.6+ 1.14a 12.93 + 2.30a 9.85+ 149 0202 0893
MBC/MBN ratio
4 50 (295w 03555 G
Saud (950 0355 6.81+0.98a 7.81+ 1.96a 10.9 £ 2.60a 7.65+0.81a 0.529 0.664
MBC/MBP
A (590 (5295550 03558 Capmd
Jinsh g S0 9355 0.94+0.17a 0.76 +0.12a 083+0.11a 093+0.18a 1.049 0382
MBN/MBP
Sobe e 1.87 £ 0.39a 1.67 £ 0.28a 1.08 + 0.2a 1.08 +0.12a 1.786 0.167

q CO2
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%*”i?" bt 145.91 + 27.61a 133.73 + 28.55a
Microbial ratio
05 (e S 0.45 + 0.04a 0.4 £0.04a
CAl
o MRl 7358 +10.73a 68.24 + 4.7a
Fine root biomass (g m?)
20l el 5 317.3+13.84a 222.7 +32.92b

Acid phosphatase (ug PNP g* h'%)

Flalgus ol 51
Arylsulphatase (ug PNP g*
h)

206.4 +31.29a

178.3 + 23.44ab

Lol w3 212.7 + 28.95a 162.7 + 30.76ab
Invertase (ug Glucose g1 3 h?)
H oS & jlossl el s 7.74+1.73 7.81+5.12a
Urease/OC
I oS Bl sl 5] o 109 + 35.28a 103.72 + 74.31a
Acid phosphatase/OC
T 008 4 5ges ol ol s
I oS 4 B ol il e 68.63+35.11a 73.79 + 35.78a
Arylsulfatase/OC
1008 4 93] o3l s
oS @ gl ml e 73.02 + 37.24a 66.17 + 39.75a
Invertase/OC
0 9,5 039355 4 Slosgl ] Cod 0.07 +0.03a 0.06 +0.03a
Urease/MBC
(29,50 039555 41 JBland Sl o 3l Capus
o 1.04 £0.73a 1.01+0.8a
Acid phosphatase/MBC
035565 4 JBlgu Jo)l ol s
oS 29,Sen 0.52+0.14a 0.69 +0.39
Arylsulfatase/MBC
0 9 35 & gl 5l Cand 0.61+0.32a 0.57+0.27a
Invertase/MBC
el Sl puin o Se 147 +0.25a 1.47 +0.25a
GME
sl 3.27+0.6a 2.65+0.32a
Particulate organic C (mg kg?)
loyd I -taig
kAo 0.66 £ 0.05a 0.59 £ 0.08a
Particulate organic N (mg kg™)
o> I 0igs & o5 o 5.08 +0.97a 5.81+156a
Particulate organic C/N ratio
] Jre 3,‘ o 23.03 + 4.5a 20.27 + 6.49
Dissolved organic C (mg kg™)
o el 33.50 + 4.78a 28.24 + 3.34a
Dissolved organic N (mg kg?)
Jobome 0o 4 05 S 0.87 +0.22a 0.74 +0.19

Dissolved organic C/N ratio

155.15 + 34.63a 108.7 £ 18.72a 0.672

0.43 +0.09a 0.32 +0.05a 0.494

40.22 £ 2.49b 37.55 +5.24b 8.129 0.00

213 +31.51b 157 £ 16.2b 6.987 0.00
126.4 £ 7.33b 108.2 £ 4.97b 0.004
119.7 £ 9b 100.1 +3.79b 5.313 0.003

7+3.35 7.03+3.07a 0.925
113.3 £79.75a 81.15+ 32.4a 0.577 0.633
63.44 + 29.64a 58.6 + 25.99a 0.422 0.738
60.31 + 32.81a 53.96 + 24.29a 0.572 0.637
0.05 + 0.04a 0.07 £ 0.03a 0.292 0.83
0.83 £0.57a 0.84 + 0.36a 0.292 0.81
0.51 + 0.26a 0.58 +0.17a 0.946 0.428
0.47 £0.18a 0.54 + 0.24a 0.528 0.665

1.47 +0.25a 1.47 +0.25a 0 1

2.4 +£0.45a 2.12+0.23a 1.307 0.286
0.34 £ 0.03b 0.28 + 0.05b 8.709 0.00
7.69 + 1.89% 10.66 + 2.63a 1.778 0.168
15.04 + 2.08a 14.56 + 2.96a 0.895 0.452
17.19 £ 1.29b 14.18 + 1.58b 8.742 0.00
0.93+0.17a 1.15+0.28a 0.584 0.629

\ldd

Sidels Gl Gy 1) (853 by Coenl g WS 0 S8
Yengwe, ) LS o diwsyp plewwsS] (gygepe 9 SB
.(Gebremikael, Buchan, Lungu, & De Neve, 2018
gy oS cul o] Sl ol sladilie v @l piren
Db SB Gl (b Shy n g2y JE S S Giiy
(Josle gszmen (oge slaasls 90 L (A) 5yl (LS (b
21y 08das oyt ol Sl g 09,00 uS gl shd
Sg 5 (C) S5 sl ¢ bolds > .canl atsly S coas <))
slaShy 5l ) SB s el Sl gomb gshe (D)
AV JSs) als Lt gy )90 () 9 (lronsd (S

OB SAxey (g gxe Ol ki delcwndt mls wlel p

(o 9 Sl g Gy €Sy 9 Com 03l «Cdd glojg) ) ()9
@ bgye O35S oM Same Ol (YL S edalie &y 4
Bl S5 (sloed Jbg @ ol ppieS g syl (B Uiy,
@ ol jlesnda S (eyis (A Same (¥ Jgia) ety
T Slge 355 5 B g ySan calld b L3yl > (go00ie Jelge
s & 1y T sloe b g IacS s ol 45 alKin 3l Kt
il S5 13 g ySKan Casmo U 5399 ol S oo 45U ST
@ 0595 05 Ml g M slse a5 ) age (1 4 Aimd e
J.J)s ol S eola! "j Sl o LS &S 5l Jaxe JSi
Sy 0959 Cunl Jib s SU Lide p) SB o el
Shbl SB35 59y Oliee (Il @ (g JB jobar (1S5



VPV OS sy, ailaivo S gl S » slazss )s 9 (550 glogicdsy wili ol )5 5 25

adlae 3,90 (SS9 3 (159055 9 ()5 W (Fxe (Hlre BLAST £ (3uSlo) (oo sl —£ g
Table 4- Compare Mean of soil C and N mineralization in the studied habitats
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Figure 2- Relationship between the studied Vegetation covers: Quercus macranthera (A), Berberis integerrima and Crataegus

microphylla (B), Berberis integerrima (C) and Crataegus microphylla (D) with the characteristics of the organic, physical and
chemecal, and the biological characteritics soil of the soil in principal component analysis
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Introduction

The global cultivation area of canola (Brassica napus L.) has expanded due to its adaptability to various
climates and its distinct growing season compared to other oilseed crops. Additionally, its ability to be cropped in
rotation with other plants, such as cereals, has contributed to its popularity. Canola has the largest cultivated area
among oilseed crops in Iran. Proper consumption of nutrients is crucial for improving growth and increasing seed
yield in canola plants. The use of sulfur as an essential nutrient, along with selenium in low concentrations as a
beneficial nutrient, plays a significant role in enhancing plant tolerance to environmental stresses. Sulfur and
selenium are both elements of group 16 of the periodic elements table and have similar physical and chemical
properties, and it is believed that selenium utilizes the same pathways for sulfur immobilization and uptake in
plants. Given the similarity of selenium to sulfur, sulfur metabolic pathways are shared, so the effect of selenium
on growth is expected to be largely influenced by sulfur nutrition. This study aims to investigate the effects of
sulfur and selenium application on nutrient absorption and their interaction on canola plant growth indices.

Materials and Methods

The experiment was conducted in greenhouse conditions as a factorial in a completely randomized design with
12 treatments and three replications. For cultivation, plastic pots with a diameter of 20 cm were utilized. Four
kilograms of sieved soil were added to each pot. One hundred mg kg of nitrogen from urea source was applied
in the pre-planting stage and 100 mg of nitrogen was applied in two stages (after establishment on day 21 and then
in the stem elongation before flowering stage). Triple superphosphate at a rate of 80 mg of phosphorus per kg of
soil was added to the pots in powder form before planting and iron at a rate of 5 mg kg in the form of iron chelate
solution was added to the pots. The experimental treatments included elemental sulfur fertilizer at two levels of
zero and 20 mg kg (inoculated with Thiobacillus inoculum), two sources of selenium fertilizer (sodium selenate
and selenite) at three levels of zero, 30, and 60 ug kg? in soil form before planting. The amount of sulfur and
selenium available in the soil before planting was 3.8 and 0.025 mg kg%, respectively. The cultivated canola variety
was Dalgan and grown in greenhouse conditions for 5 months. This cultivar is open-pollinated. The sulfur was in
powder form with a purity of 99%, which was added to the soil of the sulfur-containing treatments, along with
Thiobacillus inoculum (with a population of 1x108 cells per ml) two weeks before planting. After the seed growth
and maturation period (5 months), at the final stage of growth (physiological maturity with a two-digit growth
code of 80), the seed components were separated from the aerial parts. The dry weight of the seed and the aerial
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parts of the plant were weighed separately.

Results and Discussion

Sulfur application significantly increased shoot dry weight, root dry weight, leaf area, and canola grain weight
compared to conditions without sulfur application (48.8% increase in shoot weight, 28.1% in root weight, 15.7%
in leaf area, and 51.3% increase in grain weight). Grain weight had a correlation of 0.94™ with grain sulfur uptake
and 0.9™ with shoot sulfur uptake. Therefore, the growth characteristics of roots, shoots, and sulfur concentration
in shoots and seeds have a significant impact on grain weight. Application of selenium from selenate source
resulted in higher selenium absorption in shoots and canola grain compared to selenite source. In grain, sulfur
application increased selenium absorption from both sources. Grain sulfur uptake had a correlation of -0.42™" with
seed selenium concentration, 0.94™ with seed weight, 0.86™ with shoot sulfur concentration, -0.43" with shoot
selenium concentration, 0.87*" with shoot sulfur uptake, 0.7"" with shoot weight, 0.69"" with leaf area, and 0.83™
with root weight. The highest grain selenium concentration was observed at the rate of 60 pg kg from selenate
source (0.48 mg kg™). If increasing the selenium concentration of the grain is desired for enrichment purposes
(from 0.12 pg gt in the sulfur-free and selenium-free treatments), a sulfur treatment of 20 mg kg* and a selenate
content of 60 ug kg could be considered to achieve a concentration of 0.42 ug g'*. This is because the grain weight
of this treatment (3.87 g pot™?) was closest to the high levels of grain weight in the sulfur treatment of 20 mg kg
and selenium-free condition (4.32 g pot™?).

Conclusion

Grain selenium concentrations of 0.10-0.11 mg kg and sulfur concentrations of 0.325-0.33% produced
suitable canola yield. The highest canola grain weight was obtained with a concentration of 19.86 mg kg™ sulfur
and 0.0267 mg kg™* selenium in the soil.
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Table 2- Analysis of variance of growth characteristics of canola plant
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* and " indicates the significance of the treatments at the 1 and 5 percent levels, and ™ indicates no significant difference between

the treatments.
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Figure 1- Effect of treatments on shoot dry weight, root dry weight and leaf area index
Columns with at least one common letter do not have significant differences at the 5% level of Duncan's test
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Figure 2- Effect of treatments on sulfur concentration and uptake in rapeseed shoots
Columns with at least one common letter have no significant difference at the 5% Duncan test level
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Figure 3- Effect of sulfur levels on selenium concentration in rapeseed shoots

Columns with at least one letter in common have no significant difference at the 5% Duncan test level
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* and " indicates the significance of the treatments at the 1 and 5 percent levels, and ™ indicates no significant difference between
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Figure 4— Effects of sulfur level, and selenium level on canola grain weight
Columns with at least one letter in common have no significant difference at the 5% Duncan test level
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Figure 5- Effect of treatments on sulfur concentration and absorption in canola seed
Columns with at least one common letter do not have significant differences at the 5% Duncan test level

3555 Og Lulyd )3 o0 93,555 3,8 Ll > oa (0O JSU)
Ol blid 0 .ad by 5,55 s ials Gl pasili 1 oolai!
ol ke gl p SIS 2 p)S9)Sen Fr 38 0,55 28
2 PS9See Ve e 4 Cad 5)PGine ©pgonr |y 4l 5SS
Gl (00 ) (Laals asyd VI/A) ol ials cpaule p)SelS
aie 3l powibe pS5kS 3 psS 9)5e T g 387 L s 5,565
2055 355a P g Jy il alS 1805 &y ops Sl

Wb posibw clale b —+/FA*  Suwen gl)b w5555 clale

cdale b /YA @l 5,558 Cda b AYFF by e b /VYER
Clo b IV o )lud L pauidar cldale b =+ /FV** o0 )lud Ls 5,565
R R N A R PR
(PSS 2 P V) 2,595 2,)8 b odgs adda) (g b +/VY™*
o) Wl Hlass )3 S 13 835 Lo O/VF 5l il 5,565 Clds lade
()38 o g3 V) il iols8l S 35 0,5 Lo VF/Y & (5,555



VAV g 90,595 (S5 00,5 51 50 545 0lS gy s adlis (50 ok (on) 2 o) 9 y91 1B 598

03 £ 2 P59 MASY IS olS (sl 1y ails posils clale
Al i a9 9k g8 )yt pgath 150 9] sty il S
Ohen 5 @iy dlwges 435 bl (g )3 39 4Bl gexss IS
Jsl>e (Hashem, Hassanein, Bekheta, & El-Kady, 2013)
s y3 9 4l > pgrtbe jlade (Ll cage dIIST ) posil S3L
Litet) oySon 5 5 s gl a5 o 5l ond Sl 9,
libs | il b o1 Jlags I3 4 48 3l L 5 (al., 2017
ol & ol 0y aslil IS wly dlus” (o 1y Se wsys A5l iy
S s S 4 bies LS 5 oas Cis Se oS cul L
Rl Sy Sl b cutl wlS 4 3959 5l 3)1> 3924
OF9) kel lial 258 5,565 (g5l slacnSan ) Jydedlgw 09,5
) oS el 5 o IS |y sl o o5 s ot IS
o 5 b sl b ey Gygo 3 35 IS (459, 3 39250 Se

(Liuetal., 2017) 345
= [¥AF e gl &l 3565 cdale b by ol clale

Gl b /8 0,lud L poul clale b =+ /OV* o lud Ll 5,555
g~ o [YyEE ‘5).3 C.‘a.w L> 9 +[A¥EE SIS lny.‘lw
2l 3 S )3 )5 955 < TR ) 39 il e I iy o) VY
Ve lde 4 5,858 0,8 (D5 JS5) (A5 0 p 59,500 - /505
bl 4t Copn |y S s poibs ol i op S5 1 0.5 o
posd Gl 0,555 5 8 byl )3 0l (1580 5,565 8 pne pic
Jlis o +/AYA) sl ma b (o) dme ©olds xiie 90 40 &l
(ul.&lf JLl r:)fﬁ)g\:.n ’/R\Y

2 pS9sSen e 4 T §lr Gopan pass o G215
ol g cdl Gl sals jles 4 s @l ol i p)S5lS
A dald leg 0 M 1 £)59,S0e /YA 1) dgply gime i3]
VN g p)Sohs )3 p)S9,5ue Yo ot oGS )3 )59, S0a < /24T
(05 JS3) (p55hS 0 25555 o slasd )3 QB ) p)55,50e
g oine ol 35 £S5 p)55ySen B g Ve o gl
byl & s 3,565 shb slajles o & pocde ds laie
80 5,545 5,8 Loyl g3 a8 Ty Bl o381 5,565 (8 jume pic
Al poles clale b &l pole Cds sl Gili8l 55 &l 50
ol AV o Ll poile cdale b /A Sen (gl
Dy o /¥y O)L.»L» 39 Li 9 - [ayEE o)L.u>Lo fns.ulw

YY) il e (il aali )l &) Camd @ite ol 1 25 5kS
posibo S olS 3 )5 9ySen Fe gV o 93 1y (il 20>
L ol dald 4y Couwd aily 3,565 Cds tals (il xis
asio 5l it LIS &l 3,858 sy il i 51 (CO IS5)
chle L — /7 Stuwen b 4l 555 Cls g ol

4.»») 3J9 lJ «[AY*# 9 j)} eb.w lJ Nial ‘o)l.u.ol.w 39 lJ o[y

.)9{

whpaiids caa g GlLE 5 pgailis 53,595 9 ls S
1358
P g SS ol pie ploj 3 (BF JS) @l 4 25 L
sl CLALE 15 o3itl pasie g 381 b 3,55 5,05
posibs clale oud odlatwl pasl pdaw o y3.cdl Eol58l 50 il
D9 3)595 (o sbaylass I jeS 2,595 (sgimme sbajle > >
ool 3,565 5l )lg5 oo pasibw o clale il Sl yials gly
VoIV 1y als pouibis clale )568 5,8 el 1Y jlas )3 0903
o A 4 (p SOk g S e /YT 4 /YA Sl) 0l el Ay
it Sl Jlog 53 ls 4y Bl § 5y ol 1 bruls e dus,
5o aw 4 bayyo &b pocde clale 1y iy (ol 039y s
G5 Soles > (S5 05 e +IFA) 332 Sl i
FaS Gldsire ©ygot Syl jla ) &l paile chals oSS
S3) (0S54 3 23S ko +/FY o 5 +¥¥) 333 s e
Lit, Zhao, ) oS o s alusgts 48,5 plosl Ly 5 (25
il 25550 Jlogi 5 &l payibus il (HU, Zhao, Guo, 2016
CLle inlS el 3,558 5,8 5 25 s (s5ime o 3 i
Ol zoe a5 W o il pl Wb zie 90 yb l posilu
25 ool 615 poiles clale L1381 ey il gin j) oo
Ekanayake, Vial, 2015) -J,Kan g SLUET )y > opl ailiio
5 UK > eae olS > (Schatz, McGee, & Thavarajah,
g1 Cails e ) sty Slibis )3 pasibes i e 45 15 osmlie
SANY o pasibe 358 floj o ede b cuile clale
90 S okS 3 p S ke /5 ald olS )3 g pSelS S ke

(392 2SS 3 )9S FY-AY i ) iy S posilus ko)
(Bafiuelos, Walse, Yang, et al., 2012) ,Ken o wollsil



VFef 010,35 ¥ ojlods M4 alr (S g ol a5 VAA

€ f

CO0000
orhwhuio

SO | SO SO | SO SO

t0 t30 | t60 0 30

rm B F'e |

selena|selena|selena|selenit|selenit|selenit|selena|selena|selena|selenit|selenit|selenit

d a

- g - h
« 1 0 ull
-
SO | S20 | S20 | S20 | S20 | S20 | S20

60 t0 | t30 | t60 0 30 60

|l 0.116{0.291|0.481{0.114 | 0.258 | 0.449 | 0.105 | 0.231 | 0.42

0.104 | 0.22 | 0.405

& gl clale
Seed Se concentration (mg kg)

S rate X Se source x Se rate s gudw gaw 9 pguidw 9 8,555 jluado Jilise 4

0.8 - c
0.6 -
0.4 A

SO Selenat

S0 selenit

S20 Selenat S20 selenit

ald p,.u.l.w [NV 2
Seed Se uptake (ug pot?)

[m 0.8

0.656

0.913 0.938

S rate x Se SOUICe p guiduw guiwo g 3,595 luie Jilise 41

1.6 -
1.4 -
1.2 -

08 - d
0.6 -
04 -
0.2 -

e

S0 Se0

Y KY P,.\.».Lw [V
Seed Se uptake (g pot?)

S0 Se30

S0 Se60

S0 Se0 S0 Se30 S0 Se60

'm| 02977 | 06923

1.1944

0.4539 0.8098 1.5127

S rate x Se rate pgdw g 8,555 lado Jilixe I

1515 415 poadas GRS g W ylowd Joliko 11 JSOG
OS5l 2o )3 O gaws 53 I gime WS A8 S ynie By S JBlus ol (ol g
Figure 6- Effect of treatments on selenium concentration in canola seed
Columns with at least one letter in common have no significant difference at the 5% Duncan test level.
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Introduction

Increasing food security is at the heart of United Nations policies for sustainable development. On the other
hand, the growth of the global population, the reduction of vital natural resources used in agriculture and
environmental stress and continuous climate change undermine the achievement of this goal. In addition, plant
diseases and pests cause the loss of 40% of agricultural production of some major crops on a global scale, which
puts food security at serious risk. The intensity and frequency of extreme climatic events—such as heatwaves,
droughts, and increased climate variability—are projected to rise due to climate change. As a result, pressure on
agricultural production is expected to intensify, given the sensitivity of crop growth to shifting weather conditions.
This study aims to assess the impacts of climate change on the phenological development of potatoes in Iran's
major potato-growing regions.

Methodology

In order to prepare field data for calibration and determining the validity of the WOFOST model in potential
conditions (conditions without water and food restrictions, disease and weed control), data from research projects
of agricultural research centers in Hamedan, Isfahan regions Ardabil, Shiraz, Tabriz, Shahrekord, Jiroft, Kohnouj,
Manojan and Sanandaj, which are the main centers of potato production in the country, were collected during
2012-2016 and used as a base or monitoring period. This information includes planting dates, phenological stages
from planting to greening, greening to flowering and greening to physiological maturity of potato plants in each
of the study areas. In order to calibrate the WOFOST model using field data, phenological and performance data
in 2012, 2013 and 2015 and phenological and performance data in 2014 and 2016 were used to determine the
validity of the model.

Results and Discussion

The WOFOST growth simulation model showed that the length of different phenological stages and potato
tuber yield under potential conditions will be reduced in the study areas. The stage of germination to the
physiological maturation of the tubers, due to its longer duration, the greatest reduction in the length of the period
occurred in this stage. The simulation results indicated a decline in potato tuber yield across the studied regions.
According to the results, the highest reduction in performance was observed in the third period (2071-2100). The
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percentage of glandular function reduction was observed on average between 2 and 4.3%. In general, the results
showed an increase in the average minimum and maximum temperatures of 0.37 to 0.9 degrees Celsius over the
next three periods. The length of the phenological stages of the potato plant from emergence to physiological
maturity has decreased in parallel with the increase in the mean minimum and maximum temperatures. The
reduction in the length of the germination stage is between 0.2 to 1.9 days, the flowering stage is between 0.5 to
1.7 days, and the maturation stage to maturity is between 1.4 to 3.5 days. The greatest reduction during the
phenological stages is related to the emergence stage to maturity of 3.5 days.

In general, the results of this study indicate an increase in the negative effects of climate change on the potato
plants in three stations of Jiroft, Kahnooj, and Manojan. As temperatures rise and rainfall decreases, the growing
season shortens and potato yields decline, leading to greater potential damage under future climate scenarios.
Generally, for a one degree Celsius increase in average annual temperature, tuber yield will decrease by 4.99%.

The results of calibration and validation of the WOFOST model indicated the high accuracy of the model in
simulating the phenological stages of the potato plant (planting to greening, greening to flowering and greening to
physiological ripening), so that the average value of the Root Mean Square error (RMSE) for all three stages Potato
growth in the studied areas was less than 10%. The results of this study showed that the length of the growth period
in the studied areas will decrease under future climate conditions. The length of the growth period is reduced by
4.36 days on average in the studied areas. This reduction was also observed at different stages of growth, so that
the stage of planting to greening had the least amount of reduction with an average decrease of one day, and the
stage of greening to physiological ripening had the largest amount of reduction in the length of the growth period.

Keywords: Climate change, Potato physiological stages, SDSM model
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1- Global Climate Models (GCMs)
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5- Fifth Assessment Report

6- Representative Concentration Pathways
7- Statistical Downscaling Model

8- World Food Studies
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[(Fallah Ghalheri, 2014)
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IPCC o8l yuuxs Joliy Cian 5 (ARS) w2y 5,155 CMIPS
V' Jsi> .(Arora, Scinocca, Boer, et al., 2011) .l .
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> Ll slogy sl ansl 83,8 03lizl glaibS slajlS s5LsS
5 RCP6 (RCP4.5 (RCP2.6 (slapl L (sl yow b s
o 53 Ll il cadbsly olzse ool p & wiil o RCP8.5
RUNESPSICNEE L

SDSM" Jue
bl oS ol (glol 0aiS wlde 3o, Jhe o SDSM e
2Bl olde )3 0 lide oy (Sloodly by o 1S'g 2 poo drungs

1- Canadian Earth System Model

2- Atmosphere/Ocean General Circulation Model or
Atmosphere/Ocean Global Climate Model

3 The Canadian Centre for Climate Modelling and
Analysis (CCCma)

4- Representative Concentration Pathways
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Table 1- Specifications of the CanESM2 model

Je ol CanESM2
Model Name
(255% Jgb) (4253) (8 yimnes] S5 )18 2.8°x2.81°

Atmospheric Resolution (degree) (length x width)
(02 dsb) (42)3) (usldl S )98
Ocean Resolution (degree) (length x width)

1.41°x0.94°

e 09,5
Founding Group
(02221 (52,6) (5l 09
Simulation Period (historical/future)
Silwdand slag b
Simulation Scenarios

(CCCMA) Canada
2011-2100/1850-2005

RCP 8.5 s RCP6 <RCP4.5 <RCP2.6

Silwand d Jdeo (oYL S sim )l sl S p +) 4 CJ]
9 ya0 ply ME ¢ RMSE (coue jlude IS jebay .l ol
3 st (T) ogesl polie glis gy Aimlss S b 2R E o
Silwand polde a5 Cowl popte (pl s ylis Wb +,00 ke
WA odd (5 3503l0) polie b o yd A0 yluebs] mdaw 40 o
Cuol HI0yg3 0 (gilwand > oYL cdd 5l Jao 106,10 gyl sxe

.(Torkaman, 2016)
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3- Maximum Error
4- Coefficient of efficiency

Jas pluiel sl 9 (sl
o3y (gjlwanids ;3 SDSM Juo cds 5 (sdiailys obj)l cas
Je i)l g ksl e jshairen o (VAAV-Y-00) Shays sl
oo oS cilise (Sojlsts Jolyo (siluani > WOFOST
bt Cluje xShe pgd adyy opmed «slel (slajlae ]
RMSEN) o1 Jlp slas jgine 5Sike ,is (RMSE))

25,5 oslazul (Y=Y B Vo =¥ &¥oleo) (T) yg0;]
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RMSE = |~¥,(S; — M;)? (V)
S (S-Mp)?
RMSEn = 100 2-2 (v)
100
ME=Max|Si—Mi|7 (\M)
—. 2
E=1-(S0M - $)/ T (M, — 1)Y) ()
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1- Root Mean Squre Error
2- Root Mean Square Error-Normalized



NCEP (g piio Cows s2d =Y Jgus
Table 2- List of NCEP variables

dysy oS Sy e Clornsgs
Row Predictor variable Description
1 P5 f JSlgiSa 0e o )3 3)Sipej ol Cspu
- Geostrophic airflow velocity at 500 hPa
2 P5 u JSlgise b o )3 0l Cee s (5100 4dl3o
- Horizontal wind at 500 hPa
3 P5 v JBlgise - o )3 0l Cee s (g lolcbin) adl3e
- Zonal wind at 500 hPa
4 P5 7 JElgSa b v o ) 2l
- Vorticity at 500 hPa
Sl 0+ v o )3 Dby Ceoww
5 P5th JBulgSad: - g,
Wind direction at 500 hpa
6 P5zh JSeligSa 0 aw 33k 25l
Divergence at 500 hPa
7 P500 JBlgiSa b v a5 Jrilygs glis)|
Geopotential height at 500 hPa
) 500 JSusligiSa 0+ o )3 (s Caghoy
Relative humidity at 500 hPa
9 pf 3555 3 &y

Surface geostrophic airflow
b s o (g)lbe adlho
Surface horizontal wind
11 P_V jl’. C,&)w LS)LQ(“HM 4‘9'];94

Surface zonal wind

10 P u

12 Pz sl
- Surface vorticity
b Caom
13 P_th Mmaw
- Surface wind direction
b )
14 P_zh i
- Surface divergence
15 P8 f JSulgiSa B+ o 15 3,80 2l s puo
- Geostrophic airflow velocity at 850 hPa
16 P8 U Sl Be + s 53 3l s (6500 Ao
- Horizontal wind at 850 hPa
17 P8 v ISl 0+ o 53 3l ey (5, ladlcins ailie
- Zonal wind at 850 hPa
18 P8 2 Sl giSa Ab+ maw ) gk
- Vorticity at 850 hPa
Sl S Ad+ o 5> Dby Coww
19 P8th Jol )
Wind direction at 850 hpa
Sl Ad+ mlaws jd 0L ol )51
20 P8zh Jot ” e
z Divergence at 850 hPa
21 P850 JBulsSa A+ o 3 iy glis)|
Geopotential height at 850 hPa
22 r850 JSligiSa Ade o )3 (g Cughoy
Relative humidity at 850 hPa
23 Mslp b2 gl 8 (e
Mean sea level pressure
24 Rhum %) Gl"“’ &")’ st L"’919)
Near surface relative humidity
25 Shum O e o33 o9 Cugb)

Near surface specific humidity
Sy Y gyl ol gled

26 tem .
P 2-m air temperature
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Figure 1- Location of the study areas
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Table 3- Plant parameters of the WOFOST model in the calibration stage under potential conditions

7ok Folyb oy St 2l
Parameter Parameter description Value Unit
TBASEEM o sl il 10l sloo 5 °C

Temperatures below the threshold for emergence
TSUMEM o e Bl Sy, s segne 4349 ° cd
Daily degree set from planting to emergence
TSUML AU G gy e paspeze 502.1 ° cd
Daytime collection from emergence to flowering
by b goly b (2S5 j5, )3 degeome .
TSUM2 Daily degree set from flowering to maturity or 815.37 Cd
harvest
SLATB Sk e 0.0020 Ha kg™l
Special surface of leaves
AMAXTB 2l S Sl CO2 35 Kg ha'l hrt
Maximum rate of CO2 uptake
CcVL St by CO2 i pote 0.760 kg kgt
Conversion Productivity CO2 Absorbed to Leaf
CVR ady 4 0ad iz CO2 s s e 0.755 kg kg
Conversion Productivity CO2 Absorbed to Root
cvs i Sppee CO2 o & 03 0.758 kg kg

Conversion Productivity CO2 Absorbed to Stem

Jawily Jag 5 33 Cygam] gl IS s o 3 TSUM2 g TSUMI ja5lie - £ Joua
Table 4- TSUM1 and TSUMZ2 values in the calibration phase under potential conditions

sl EaRS e phes gl lae 3SR Tiwe e eyl plegse
Station Kahnuoj Jiroft Hamedan Esfahan Shiraz Shahrekord Sanandaj Tabriz Ardebil Manuojan
TSUM1 560 363.3 730 363.34 420 560 338.67 649 525.3 552.3
TSUM2 630 809.2 1143.07 730 737.57 835.55 747.9 1325 771.44 757.1

WAR-AY Sl (b (nbe ©yga (@915 Jol 51 59,) Codls G, (! 32 (Se5lid Ul e 093 Jsb (gjlwamd -0 Jooa
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Table 5- Simulation of the duration of phenological stages based on planting date (days from January 1) as an average during
the years 2010-2014

5998 dls o
o Phenological stages
City Cuils 7,6 o.\.&}wl]&ﬁls uh.\.lfl]o.\...f&,’.,m 59938 (Sawwy Uyl jaw
Date of planting Planting-Sprout Sprout-flowering Sprout-physiological maturity
(day) (day) (day) (day)
Jﬁj)l_ 140 24.8 26.8 118.8
Ardebil
’"’“ 130 214 27.2 107.8
Tabriz
g 90 24.4 30.2 107
Sanandaj
25 e 140 25 282 120
Shahrekord
o 60 224 27.4 109.4
Shiraz
oledee! 70 22.8 29.4 111.4
Esfahan
clen 90 23.4 276 116.8
Hamedan
o 260 24.8 35 104.2
Jiroft
e 260 236 34.4 101.6
Kahnuoj
ol 260 222 33 102.4
Manuojan
ol 23.48 209 109.9
Avrage

Gilwand » Jlo YU cés jl S ouwyliel 5 gl pJI
Aoy Jdo <l ol (ME) s jiSlis a3l polie .ol
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Sprout - Calibrated
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Figure 2- Comparison of simulated values with measured values for the potato plant emergence stage
(Data from 2010, 2011, and 2013 for the calibration stage and data from 2012 and 2014 for the validation stage), the one-to-one line
is also shown in the figure.
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Table 6- Evaluation of the WOFOST model in simulating the germination stage of potato plants using statistical indicators

——— P TRVE & dnd ©glis
Station = i Differenc RMSE% RMSE  R? T ME E
Observation Simulation R
|
J2)f 23.7 23.4 0.27 2.5 0.6 099 078 42 07
Ardebil
7 213 20 13 6.6 14 09 06 94 04
Tabriz
g 23 22.1 0.87 4.05 093 098 075 52 05
Sanandaj
25 el 247 23 17 7 17 099 067 81 03
Shahrekord
£ c e 22.3 21 1.3 6.3 1.4 099 074 69 04
g % Shiraz
= ol
g « e 24 225 15 6.3 15 099 069 83 034
Esfahan
Ol 22.7 21.3 13 6.2 1.4 098 074 88 045
Hamedan
S 25 23.3 17 6.9 17 093 053 8 0.34
Jiroft
e 23.3 22.3 ! 55 13 094 065 86 048
Kahnuoj
ol 227 217 1 5.7 13 1 061 88 046
Manuojan
Jed)f 26.5 25.4 1.1 2.2 0.6 1 061 37 -14
Ardebil
e 215 205 1 38 0.82 1 07 46 055
Tabriz
Gt 265 25 15 4.9 13 1 044 75 5
Sanandaj
35 25.5 245 ! 23 06 1 058 3.9 -1
Shahrekord
S e 22.5 215 1 5.1 11 1 063 88 06
= Shiraz
g o o
R Olee! 21 20.5 0.5 2.7 0.58 1 077 48 05
s = Esfahan
Jhon 245 235 1 3.3 0.82 1 043 41 -3
Hamedan
S 245 23 15 5.3 13 1 056 63 04
Jiroft
e 24 23 1 7.9 2 1 046 106 -0.3
Kahnuoj
ol 215 21 0.5 5.7 1.3 1 031 88 5
Manuojan
2 ks o yieS oy IV L Gledol ol g s Gl oyt AL Gudiyu 0,90 Job
i o] (e lite] Al yo )3 b dgwloo (ygpl ydlS” Al yo Sislsis ds e gy RMSE Las laye (5:5ke His i
A gy IV L gaieS ol 5 59) VY L plagie 5 b OselyslS als o )3 5oy /AR Lawgie psla AUS b S jee
apde (Y Jgi2) Sl costy RMSE jlide 308 5 oyt Jlo) Jse (oxiwyliicl s po )3 g, +/A+ 5 (IWAY 5 VFAL AYAR)
» 2o YINY lawgie jolay (245 (gel> 50 )3 (RMSEN) Gl ol 5oy MV L Gy oSl p3 el cuwd 4 (VAT 5 WY cla
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Table 7- Evaluation of the WOFOST model in simulating the flowering stage of potato plants using statistical indicators

RMSE%  RMSE R? T ME E

°l§~7--£' R . ugw
Stati RTRYE S 5w s )
ation Observation Simulation Differenc
Je2l 26.7 26 0.7
Ardebil
e 27 25.7 13
Tabriz
g 30.7 29 1.7
Sanandaj
25 el 28.3 27.7 0.6
Shahrekord
Q¢ e 273 26.3 1
SR Shiraz
Bk o 29 285 05
Esfahan
Ol 276 27 0.6
Hamedan
S 35.3 35 0.3
Jiroft
e 34.4 33.1 13
Kahnuoj
Oy 323 33 0.7
Manuojan
Jol 27.5 25.5 2
Ardebil
s 275 263 1.2
Tabriz
g 295 28.2 13
Sanandaj
25 5 28 27 1
Shahrekord
s e 275 26 15
= Shiraz
= % !
= © 30 29.4 0.5
= E Esfahan
O 275 27.4 0.1
Hamedan
il 345 34.4 0.1
Jiroft
e 345 34.4 0.15
Kahnuoj
ol 34 335 05

Manuojan

3.8 1 092 081 3.8 0.88
3.7 1 099 081 3.7 0.5
4.6 14 099 042 6.5 0.54
2.3 0.65 0.88 0.58 3.5 0.36
3.8 1 099 0.46 4 0.33
13 0.38 096 0.73 2.1 0.5
2.5 0.7 099  0.49 3.9 0.32
4.9 1.7 075 0.72 5.7 0.62
3.9 13 0.81 0.4 5.8 0.23
2.5 0.82 0.78 0.98 3.1 0.98
3.3 0.9 1 0.96 44 0.6
3.4 0.95 1 0.94 4.7 0.4
3.2 0.92 1 0.87 44 0.4
21 0.58 1 0.68 2.8 0.3
4.7 13 1 0.49 7.3 0.3
2.8 0.77 1 0.95 3.6 0.8
5.4 1.3 1 0.3 6.7 0.96
2.6 0.9 1 096  3.47 0.6
0.37 0.13 1 086  0.58 0.4
3.8 1.3 1 0.7 59 0.5
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Figure 3- Comparison of simulated values with measured values for the flowering stage of potato plants
(Data from 2010, 2011 and 2013 for the calibration stage and data from 2012 and 2014 for the validation stage), the one-to-one line
is also shown in the figure.
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Figure 4- Comparison of simulated values with measured values for the physiological maturity stage of potato plants
(Data from 2010, 2011 and 2013 for the calibration stage and data from 2012 and 2014 for the validation stage), the one-to-one line
is also shown in the figure



YoV L lag b coni ol 50 (o jims obS by Jol 0 (63 lusands (s 5IB 236 9 SULy

Salol (s s L 51 o5li! b (oo s 8LS (Sduwy gl po (g jlwanwi 13 WOFOST Jueo (oljyl —A Jgis
Table 8- Evaluation of the WOFOST maodel in simulating the potato plant maturity stage using statistical indicators

ol ! L Losdnd Ggles
Station R iwde e RMSE% RMSE R2 T ME E
Observation Simulation R
J"J‘J)l_ 118.3 117.7 0.7 1.2 1.4 0.86 0.74 1.7 0.6
Ardebil
’J’” 107.3 105 2.3 2.2 2.4 0.96 0.36 2.8 0.45
Tabriz
g . 107 104.7 2.3 2.2 2.4 0.96 0.4 2.8 0.61
Sanandaj
25 120 118 2 1.8 2.2 0.77 0.36 2.5 0.57
Shahrekord
Qc e 110.3 107.7 2.7 2.4 2.7 088 015 27 01
SR Shiraz
%% ol 112.7 110.7 2 2.6 29 076 06 35 068
Esfahan
Ol 115.7 113.3 3.3 2 2.4 098 054 2.6 0.83
Hamedan
”"’ 103.7 110.3 4 34 3.6 0.81 0.3 4.8 0.52
Jiroft
e 101 100 1 1.7 17 072 094 25 092
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‘Jl”;'_’ 101.3 99.7 1.7 1.7 1.7 0.95 0.46 2 0.6
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|
J"“'J’_ 119.5 1175 2 0.83 0.99 1 0.86 1.2 0.8
Ardebil
)J’” 108.5 107.5 1 1.1 1.2 1 0.6 1.8 0.56
Tabriz
ot 107 106.5 05 19 2.1 1 09 28 05
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25 e 120 119.3 0.65 1.2 1.5 1 0.64 1.9 0.35
Shahrekord
s e 108 105 3 23 2.4 1 04 28 025
= Shiraz
2 ¥ Lo
sk © 109.5 109.3 0.2 0.91 0.99 1 0.92 1.3 0.2
s = Esfahan
e 1185 118.5 0.1 0.76 0.9 1 0.96 1 0.6
Hamedan
w’o 105 99.5 55 4.7 49 1 0.47 7.6 0.39
Jiroft
Gﬂ;_ 102.5 102.4 0.15 0.92 0.94 1 0.93 1.3 0.4
Kahnuoj
Ol 104 103.5 05 0.55 0.58 1 07 096 05
Manuojan
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Table 9- Efficiency of the SDSM model in simulating precipitation (P) and average minimum (Tmin) and maximum
temperatures (Tmax) during the observation period with NCEP data

CEd Hlro
o\ guess Accuracy criteria
Station Variable LW E. R? RMSE% RMSE E ME T
Percentage error
e sl 035 099 1 0.97 002 099 21 099
T-min
S Lo
e led -0.04 099 1 0.2 003 099 04 0.99
T-max
ok -3.76 099 099  0.56 165 099 163 0.92
Jes)  Precipitation
Avrdebil ’”;‘F‘)‘“ 03 099 099 02 0.009 098 03 093
(st Cugb, }
o 0.003 099 1 0.65 0001 099 003 099
ST elel
SUN 0.1 099 099  0.08 005 098 01 092
e sl 0.15 099 1 0.4 003 1 1 099
T-min
Sl glo
e o> 0.006 099 1 0.16 003 1 034 099
T-max
oAb 14 099 099  0.19 05 099 596 096
e Precipitation
i L s
Tabriz ’~FF’“ 0.08 099 099 006 0.003 0.98 0.08 097
s Cagb) .
o 0.03 099 099  0.02 001 097 003 0.95
ST elel
0.1 . . 07 . 94 01 092
SUN 0 099 099 00 0005 094 01 0.9
8 Lo.
b sl -0.004 099 1 05 003 099 12 0.99
T-min
=S
b sl -0.05 099 1 0.15 003 099 04 099
T-max
ok -0.99 099 099  0.26 12 1 67 098
ZAw Precipitation
Sanandaj °“;;” 03 0.99 0.9 0.2 0004 097 03 0097
s Caghy
0.7 . . 4 . . 77 0.
o 0 099 0.99 5 06 098 0.95
Ll el
ol clel 0.7 099 0.99 18 01 098 25 098

SUN
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CEd Hlro
ol | gy Accuracy criteria
Station Variable s oy E. R? RMSE% RMSE E ME T
Percentage error
-
e sl 0.3 099 1 18 004 1 46 099
T-min
S
e sled -0.03 099 1 0.15 003 099 03 099
T-max
o 25 099 099 031 103 099 987 093
Ol Precipitation
Hamedan ’“F'“';)“ 2.9 0.99 0.99 10.7 03 097 153 092
)
1. . . 4 4 . 1 094
o 9 0.99 0.9 6 0 099 9 0.9
Sl elele
SUN 16 0.99 0.99 4.4 03 098 62 095
8l Lo
Sl ol 0.54 099 1 0.18 002 099 046 0.99
T-min
Sl sl
e o> -0.37 099 1 0.15 004 099 03 099
T-max
b
o 237 099 099  0.49 05 099 123 0094
O] Precipitation
Esfahan ’“;;”” 13 0.99 0.9 2.1 03 099 39 0097
s Cagh)
o 2 0.99 0.99 4.1 04 099 28 098
ol clel
0.2 099 1 0.1 0.01 1 02 099
SUN
8l Lo
b sl 0.4 099 1 1.1 0.03 1 25 099
T-min
Sl slo
A les -0.004 099 1 0.06 0.01 1 013 0.99
T-max
50
, o 28 099 099 041 13 099 1405 0094
5)S 4 Precipitation
Shahrekord ’b';‘;"” 2 099 099 14 02 099 2 097
R ) _
o 1 0.99 0.9 0.7 033 099 10 096
ol lel
25 0.99 0.99 1.8 0.2 1 25 099
SUN
8l Lo
Fhe o> 0.13 099 1 0.2 002 1 05 099
T-min
e o> 0.07 099 1 0.1 003 1 024 099
T-max
oAk 248 099 099 034 12 099 107 096
Ol Precipitation
Hamedan ’“;;’“’ -1.9 099 099 136 06 099 192 0094
e oy
o 0.9 0.99 0.99 0.7 0.3 1 08 099
6] o
ol bl 2.3 0.99 0.99 17 015 099 24 0098

SUN
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Percentage error "
8l Lo
b sl -0.02 099 1 0.13 002 099 021 099
T-min
:S| Lo
A o> 0.02 099 1 0.1 003 099 024 099
T-max
. S 45 099 099  0.69 12 099 21 092
RIS Precipitation
Jiroft *F'“;’“’ 5.3 0.99 0.9 16.3 02 099 23 093
o 45 0.99 0.99 6.3 14 097 89 096
il el
SUN 3.4 0.99 0.99 2.4 02 098 34 095
8l
She o> -0.03 099 1 0.1 002 099 02 099
T-min
Sl gle
e o> 0.004 099 1 0.05 0.02 1 009 099
T-max
oAb 17 099 099  0.37 068 099 108 097
z54S Precipitation
Kahnuoj ’”;‘F‘)‘“ 1.4 0.99 099 102 06 099 44 098
(st Cugb, R
o 2.6 0.99 0.99 4.4 17 099 6 098
ST elel
2.7 0.99 0.99 2 02 099 26 098
SUN
e o> -0.04 099 1 0.07 0.01 1 01 099
T-min
=S|
b e -0.04 099 1 0.1 003 099 012 099
T-max
50
OV .77 099 099  0.77 158 099 28 0.97
obge Precipitation
Manuojan ’”;;"” 2.9 0.99 0.9 3.1 02 099 43 096
s S _
o 3.6 0.99 0.99 3.4 14 099 47 096
Lol clelo
. . 2.1 2 . .
SUN 3 0.99 0.99 0 099 3 095
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Table 10- NCEP large-scale predictor variables used in simulating temperature and precipitation data at Isfahan station

SUN

Oledeo! e NCEP sla yiel
Esfahan City Parameters NCEP
Bl sl> b6 b0, mslp, ps-u, s500, shum, temp
T-min
Al o> Mslp, p500, p8-u, temp
T-max
f’b,’l" . Prcp, mslp, s500, temp
Precipitation
b ;‘;’” Mslp, p850, s00,temp, plzh, p8-z
Mslp, pl1-z, p500, p850, temp, shum
HUM p,pl-z,p p p
LBl olels

Mslp, p500, p8-u, s500, temp
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Figure 5- Simulation of the time from planting to emergence of potato plants based on the CanESM2 model for three climate
periods 2011-2040, 2070-2041, and 2071-2100, under RCP scenarios using the WOFOST model
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Figure 6- Simulation of the duration of germination to flowering of potato plant based on the CanESM2 model for three
climate periods 2011-2040, 2070-2041 and 2071-2100, under RCP scenarios using the WOFOST model
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Figure 7- Simulation of the duration of germination to maturity of potato plant based on the CanESM2 model for three
climate periods 2011-2040, 2070-2041 and 2071-2100, under RCP scenarios using the WOFOST model
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