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Abstract

Background and Objective: The availability of micronutrients such as copper (Cu) and manganese (Mn) in high-pH
calcareous soils is a key challenge for sustainable citrus production in arid and semi-arid regions. This research was
conducted to predict the concentration of these elements in citrus leaves in southern Kerman and identifying the most
influential soil properties affecting their availability.

Methods: Samples were collected from 40 orchards, with a focus on both soil and leaf samples taken during the spring
growth season. We used standard methods to analyze soil properties and measure Cu and Mn concentrations in the leaves.
Results: High soil pH significantly hindered nutrient absorption, as the leaf Cu and Mn showed negative correlation
coefficients of —0.41 and —0.33 with pH, respectively. However, the leaf Cu was positively correlated with both clay
content (» = 0.32) and organic carbon (OC) content (» = 0.39), while the leaf Mn exhibited a negative correlation with
soil salinity, EC (» = -0.29). Stepwise regression selected the soil pH, clay, and phosphorus as predictors for the leaf Cu
(R?=0.36), and pH and EC as predictors for the leaf Mn (R? = 0.28). To overcome the limitation of linearity, a multilayer
perceptron artificial neural network (ANN) was developed using the Levenberg-Marquardt algorithm with a 70/30
training/testing ratio. The best ANN model for the leaf Cu, with inputs of soil pH, OC, clay, and phosphorus and 10
hidden neurons, achieved an R? = 0.78 and RMSE = 0.88 mg kg' in the testing phase. For predicting leaf Mn, a network
with inputs of soil pH, OC, clay, phosphorus, and EC and 11 hidden neurons achieved an R? = 0.66 and RMSE = 5.68 mg
kgL

Conclusion: The ANN models reduced prediction error by 42 and 38% for the leaf Cu and Mn compared to the regression
model, respectively. This significant improvement demonstrates that artificial intelligence can be an effective tool for
creating precise fertilization plans and ultimately enhancing the productivity of citrus orchards in these challenging
environments.
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Fig. 1. The location of the sampling points in the studied region
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pH, OC ANN 2

pH, OC, Clay ANN 3

pH, OC, Clay, P ANN 4

pH, OC, Clay, P, EC ANN'5

pH, OC, Clay, P, EC, Silt ANN 6

pH, OC, Clay, P, EC, Silt, CCE ANN 7

EC: Electrical conductivity, CCE: Calcium carbonate equivalent, OC:
Organic carbon content
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Table 2. Statistical summary of some soil properties and total concentration of copper and manganese in leaves in 40 samples

Standard deviation ~Mean Minimum Maximum Property
e Sl ke S e S

2.49 3.03 0.55 13.35 EC (dS/m)
0.28 7.75 7.20 8.30 pH
13.21 24.22 4.20 46.65 Silt (%)
5.67 8.98 3 26.50 Clay (%)
3.47 6.37 0 15.37 CCE (%)
0.11 0.31 0.09 0.51 OC (%)
3.06 6.54 0.97 22.13 P (mg/kg)
5.70 20.21 9.50 36.50 Mn-Leaf (mg/kg)
1.08 3.50 1.50 6.51 Cu-Leaf (mg/kg)

EC: Electrical conductivity, CCE: Calcium carbonate equivalent, OC: Organic carbon content

ST S i 0C « Jslas oS iy 5 CCE (S 1 UL, EC

Table 3. Matrix of correlation coefficients between the studied traits

Mn-Leaf Cu-Leaf P OC CCE Clay Silt pH EC

1 EC
1 0.11 pH
1 0.01  0.19 Silt

1 0.41* 0.003  -0.38 Clay
1 0.39* 028 0.57** -0.24 CCE
1 -0.21  0.17 0.12 -0.38* -0.18 oC

1 0.16 -0.01 -0.07 -0.23 -0.007 0.28 P
1 -0.31*% 039 -0.18 0.32* 022 -041* -022 Cu-Leaf
1 0.2 0.002 0.28* 0.007 0.12 0.13 -0.33* -0.29* Mn-Leaf

EC: Electrical conductivity, CCE: Calcium carbonate equivalent, OC: Organic carbon content
ST S Sl 0C « Uslas ondS by S CCE (S Ul UL, EC
el Lo 3 ) 50 Jlax] C}E«c 03 Gol3 e e kasOlis L Say e 5 %

* and ** indicate significant at the 5 and 1 percent probability levels, respectively.
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Table 4. Regression variance analysis of copper concentration in leaf with some soil properties

Mean squares
P ol oS

Sum of squares  Degree of freedom  Source of variation

L;;\)'T a5

Slas o § g D el
6.94%* 5.38 16.16 3 Regression
0.77 27.94 36 Error
44.10 39 Total

on Y Jlazt mhas 55 (5515 sma s
** Significant at the 1 percent probability level

Sl Sny b S o 58 ChlE b S5 Suloly 48 O Jgder

Table 5. Regression variance analysis of manganese concentration in leaf with some soil properties

Mean squares  Sum of squares Degree of freedom  Source of variation

Pl oS Slrppem @bl e S e
4.10%* 91.95 183.91 3 Regression
2243 830.00 36 Error
1013.91 39 Total

Ao 3 0 ezt el 3 (55la oma 3
* Significant at the 5 percent probability level

cpl .(Moreno-Lora and Delgado, 2020) . 5w St Xl F)
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Sl 3sdme oS (Sl Ly e el S sk s
T3 4 LS ol g sazs > (Feil et al., 2020)
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Table 6. Statistical criteria for stepwise regression models in relation to leaf copper (Cu) and manganese (Mn) concentrations with
soil characteristics

NSE MAE RMSE R? Model
0.16 1.16 1.30 0.36 Cu
0.02 4.52 5.31 0.28 Mn

eSSl 56y, NSE (llas glast Kl MAE ot Slas o 0 Kke 4oy RMSE (s o o R

R2: Coefficient of determination, RMSE: Root mean square error, MAE: Mean absolute error, NSE: Nah-Sutcliffe efficiency

oo il S pKe clale L s Jals; pH 5 EC
abaly, 5 (=F/20) pH (i, sdalonsas Dl oae 5 A
Sosbas s AST S 58 chle b e opl o sSre
LS 2 02 58 i pslie b (5pS pH) Jsdenl sl
SASIUIEC L oS S (5558 e mad 40 Lid g oS e
Ol b (o/88 gyl ) i Stan S 5 05 0
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Syl el Lol 55l Gl e o5 as els sl
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Lasdin 5oy oma ol ($3Lsl3l 5 Lok a8 555 0 4 55 )
clls o te Siees (Fageriaetal, 2011) LS o SaS
S50 03 e SaaBl (S s e SLE 5 S s aud
Sl jins as ol S e aul ziy |y Slie ole sl
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Table 7. Neural network models in relation to leaf copper concentration with soil characteristics

Test data Training data

[Jyﬂ ool J‘)’y’i laosls Number of neurons Model
NSE MAE RMSE R? NSE MAE RMSE R? O, sldas Jde
-2.01 0.12 1.34 0.31 -0.51 0.9 1.13 0.38 4 ANN 1
0.18 0.84 1.09 0.42 0.39 0.65 0.76 0.62 1 ANN 2
0.30 0.84 1.01 0.56 0.33 0.65 0.80 0.67 19 ANN 3
0.57 0.72 0.88 0.78 0.66 0.42 0.52 0.81 10 ANN 4
-1.14 1.20 1.47 0.46 0.27 0.55 0.80 0.73 20 ANN 5
-0.26 0.87 1.06 0.31 0.23 0.73 0.92 0.56 1 ANN 6
-1.79 1.29 1.59 0.32 0.25 0.86 1.15 0.56 17 ANN 7

CadSGlu- 350 o 5 NSE (glas slax . Sle MAE ot Sl o Kk 4o, RMSE (s oo 5 R

R?: Coefficient of determination, RMSE: Root mean square error, MAE: Mean absolute error, NSE: Nah-Sutcliffe efficiency

ANNI: pH, ANN2: pH, OC, ANN3: pH, OC, Clay, ANN4: pH, OC, Clay, P, ANN5: pH, OC, Clay, P, EC, ANNG: pH, OC, Clay, P, EC, Silt, ANN7:
pH, OC, Clay, P, EC, Silt, CCE

St gla S5 b S, 5K clle o daly 53 eae K2 ladde A J g

Table 8. Neural network models in relation to leaf manganese concentration with soil characteristics

Test data Training data

dyﬂ laosls u:“)'f‘i claosls Number of neurons Model
NSE MAE RMSE R? NSE MAE RMSE R? RESTRIREY Jde
-0.42 3.45 4.27 0.37 0.18 4.25 4.98 0.44 2 ANN 1
-0.17 3.51 4.18 0.50 0.21 4.07 4.81 0.48 6 ANN 2
0.03 3.82 4.89 0.47 0.03 4.10 4.89 0.45 3 ANN 3
-0.82 4.77 5.58 0.46 0.39 2.93 3.90 0.63 2 ANN 4
0.10 5.10 5.68 0.66 0.50 1.42 3.23 0.76 11 ANN 5
0.01 4.44 5.35 0.57 -0.29 4.78 5.51 0.63 13 ANN 6
0.24 4.05 4.64 0.52 0.31 2.97 4.01 0.58 1 ANN 7

Sl 56y, NSE (llas glast Sl MAE dlast Sola o 0 Kke aio ) RMSE (s o o R

R2: Coefficient of determination, RMSE: Root mean square error, MAE: Mean absolute error, NSE: Nah-Sutcliffe efficiency

ANNI1: pH, ANN2: pH, OC, ANN3: pH, OC, Clay, ANN4: pH, OC, Clay, P, ANN5: pH, OC, Clay, P, EC, ANNG6: pH, OC, Clay, P, EC, Silt, ANN7:
pH, OC, Clay, P, EC, Silt, CCE

(s (o S
(ANN) (& sus mas aS0i sbddle S LB Jash onl 5o
oS S 3 (Mn) 556 5(Cu) s ols Clle ass s
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\A

b St 5 ke sl i 8 plS 05 S5 JS 5 sbey
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o o S sl Sl LIS gledas s O
S das e 9L wlS e ole ol s S LSL"‘QS/}:}
Gt ol S Sl L S 3 K

Aol il ol jen 4 (6 g 0 S S
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Fig. 3. Comparison of measured and estimated values of leaf copper concentration in neural network model 4 (ANN4) in total
training and test datasets
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Fig. 4. Comparison of measured and estimated values of leaf manganese concentration in neural network model 5 (ANN5) in total
training and test datasets
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