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Abstract: [ Objective] Nitrogen is a core macronutrient that drives the growth, development, yield
formation, and quality establishment of greenhouse cucumbers. Real-time monitoring of leaf nitrogen
concentration is crucial for precise fertilization and green production. This study aims to rapidly and non—
destructively monitor leaf nitrogen concentration in greenhouse cucumbers using hyperspectral imaging
systems, with the goal of improving agricultural production efficiency and accuracy, and achieving intelligent
management and precise fertilization. [ Method | The experiment was conducted in a second—generation solar
greenhouse in Helan County, Ningxia. Six nitrogen application levels (NO-N5) were set, and the cucumber
cultivar “De’ er 15” was used.First, hyperspectral images of cucumber leaves during the flowering and fruiting
periods were collected, and leaf nitrogen concentration was precisely determined through laboratory chemical
analysis to obtain baseline modeling data.Next, samples were divided into training and prediction sets in a 4: 1
ratio using the SPXY algorithm.The raw spectral data were preprocessed using the moving average (MA ) and
Savitzky—Golay (SG ) methods. Feature wavelengths were then extracted using competitive adaptive reweighted
sampling (CARS) , uninformative variable elimination (UVE) , and a combination of UVE and CARS (UVE-
CARS).Finally, three machine learning methods—random forest (RF) , extreme learning machine (ELM) , and
convolutional neural network (CNN)—were used to establish prediction models for leaf nitrogen concentration
during the flowering and fruiting stages of cucumbers.[ Result |Preprocessing of the raw spectral data effectively
improved the accuracy of the prediction models, with the SG method performing better than MA for raw spectral
data.Compared to raw spectra, the R? values of the prediction sets for flowering and fruiting stages increased by
0.052 and 0.037, respectively, while RMSE decreased by 11.6% and 8.4%.1In the flowering period model, the
CNN model built using CARS—extracted feature wavelengths achieved superior prediction performance , with an
R? of 0.815 and RMSE of 4.940 for the prediction set.In the fruiting period model, the RF model using UVE-
CARS feature wavelengths achieved a prediction set R* of 0.875 and RMSE of 2.991, indicating high predictive
ability. [ Conclusion | By applying different preprocessing and wavelength extraction methods to hyperspectral
data, and exploring machine learning—based models, we achieved rapid detection of leaf nitrogen concentration
in greenhouse cucumbers at different growth periods , providing a theoretical basis for precise nitrogen fertilizer
management.
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Table 1 Spectral response test of different nitrogen application rates

b3 TE K7 (90% H ]R3 7K 1
Proifing N/ (kg hm™) P:0J/(kg-hm™) - K0/ (kg-hm™) Irrigaﬁnkiime@o;fij fp)acity)
NO 0 216 840 90%
NI 244.8 216 840 90%
N2 285.6 216 840 90%
N3 326.4 216 840 90%
N4 367.2 216 840 90%
N5 408.0 216 840 90%
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Hyperspectral imaging systems
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Tab.2 Statistical analysis results of cucumber leaf nitrogen content at different stages

SRR REARER O HAR P22
A 301 - A gk ) RN (g k™) M/ gk
Total sample Sample Number of Standard
Period Average value Maximum Minimum

size category samples deviation

FF A 198 Ik 159 29.141 58.464 13.440 9.863
Flowering stage T £ 39 34.275 54.880 14.560 11.522
48 LA 200 PllE RS 160 39.724 61.600 18.816 12.388
Fruiting stage T £ 40 37.264 60.926 20.628 9.766
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Fig.2 Trends of nitrogen content and density in cucumber leaves at different stages and treatments
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Tab.3 Different pretreatment methods for cucumber leaf samples at different ages

7 Y I YL Training set T Test set
Reproductive period Method R RMSE R? RMSE
FEAE] RAW 0.606 5.790 0.717 7.082
Flowering stage MA 0.688 5.148 0.739 6.233
SG 0.691 5.131 0.769 5.860
ERE S U] RAW 0.717 4.053 0.799 4.187
Fruiting stage MA 0.714 4.076 0.811 4.059

SG 0.758 3.753 0.836 3.780
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Fig.3 Competitive adaptive reweighting method to extract feature wavelengths
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Fig.4 Extracting feature wavelengths by eliminating transforms without information variables
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Tab.4 Statistics of characteristic wavelength extraction methods from cucumber

leaf samples at different stages

FRIERBEIOTE REETE B U P
iy 19 ) LSRN
Eigenwavelength Number of
Period Characteristic wavelength
extraction method characteristic bands
FEAEA 403,539,542 545,548 552,555,558 562,565,

Flowering stage

LR

Fruiting stage

CARS

UVE

UVE+CARS

CARS

UVE

UVE+CARS

16

55

10

18

79

569.903.910.921.,925.999
403,406,409 .412,509.512.515.519.,522 539,542 545,
548.552,555.558.,562,565.568.572.575.605.608 612,
615.619.622.625.629.632.636.639.643.646.667.670 .,
673.677.680.684.687.712.715.719.722.726.,740.743 |
747.750.754.757.950.980.984
403,409,412 ,545.548 555,562,572 .950 984
396.399.403.409.412.415.419.425.435 441,
451.457.473.667.670.677.681.715
421.,421.,447.450,453 457,460,499 .502,505.509.512,
515.518.571.575.578.581.585.588.608.612.615.619,
622.,625.643.646,649 663 .667.670.,673.677.680.701 .
705.708.712.722.726.729.761.765.768 .772.775.779 .
782.786.790.793.797.800.822.826.829.833.836.840 .,
844 .847.851.855.858.862.865.869.906.910,950.954
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Tab.5 Prediction statistics based on different models of cucumber nitrogen concentrations
at different times in the original band
plE RS SRS
A3 Ay s Training set Test set
Period Modeling methods gz 2 307 HIR /(g kg!)  BUERB BITHR2E/ (g kg )

R RMSE R RMSE
TFAiE) RF 0.763 4.836 0.794 5.042
Flowering stage ELM 0.771 4.904 0.722 5.301
CNN 0.779 4.845 0.717 5.358
LR RF 0.806 3.428 0.806 4.051
Fruiting stage ELM 0.779 3.579 0.785 4.435
CNN 0.827 3.696 0.769 4.167
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Fig.5 Scatter plots of predicted values and measured nitrogen concentration regression analysis for different models based on the

flowering and fruiting stages of the original bands
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Tab.6 Prediction statistics based on different models of cucumber nitrogen concentration
at different stages of CARS

Pl S RUTIES
i 345 AT Training set Test set
Period Modeling methods  posz 28 $y)iiRiR2%/(g-kg')  RERH HITHRIRE/ (g kg

R RMSE R RMSE

FFAEM RF 0.690 5.524 0.805 4971
Flowering stage ELM 0.782 4776 0.732 5.170
CNN 0.756 4.990 0.815 4.940

S5 RF 0.759 3.927 0.834 3.496
Fruiting stage ELM 0.760 4.002 0.802 3.475

CNN 0.778 3.721 0.785 4.599
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Fig.6  Scatter plots of regression analysis of predicted values and measured nitrogen concentrations for different models of flower-

ing and fruiting periods based on CARS
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Tab.7 Prediction statistics based on different models of cucumber nitrogen concentration
at different stages of UVE

o Y24 Training set THIAE Test set

;iiqd Mo ﬁiﬁfho n e RAEL Y MR 2/ (g-kg™) TRAE REL YR 25/ (g-kg™)
R RMSE R RMSE
TFAE RF 0.730 5.105 0.786 5.395
Flowering stage ELM 0.772 4.950 0.756 4.726
CNN 0.840 3.824 0.789 5.987
250 RF 0.807 3.571 0.827 3.314
fruiting stage ELM 0.763 4.063 0.826 2.787
CNN 0.866 3.001 0.855 3.222
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Fig.7 Scatter plots of regression analysis of predicted values and measured nitrogen concentrations

for different models of flowering and fruiting periods based on UVE
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Tab.8 Prediction statistics of cucumber nitrogen concentration based on different models
at different stages of UVE+CARS

" Y| Z54E Training set T EE Test set
I Rk T o m
, i e ZEL IR/ (g kg™") HERE BIrmiRZE/(g-ke)
Period Modeling methods )
R RMSE R RMSE
RF 0.713 5.308 0.792 5.093
TFAE
Flowert ELM 0.753 5.142 0.761 4713
owering stage CNN 0.825 4.425 0.712 5.591
RF 0.752 3.994 0.875 2.991
4L
.- ELM 0.728 4.184 0.774 4.007
ruiting stage CNN 0.777 3786 0.786 4321
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Fig.8 Scatter plots of regression analysis of predicted values and measured nitrogen concentrations for different models of flower-

ing and fruiting periods based on UVE+CARS
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