ZUTS

UNIVERSITY OF TECHNOLOGY SYDNEY

DEVELOPMENT OF NEW NON-DESTRUCTIVE IMAGING
TECHNIQUES FOR ESTIMATING CROP GROWTH AND NUTRIENT
STATUS

A Thesis
submitted to

University of Technology Sydney
by

Mahdi M. Ali

In accordance with
the requirements for the Degree of

Doctor of Philosophy

Faculty of Engineering and Information Technology
University of Technology Sydney
New South Wales, Australia

November, 2015



CERTIFICATE OF AUTHORSHIP/ORGINALITY

I certify that the work in this thesis has not previously been submitted for a degree nor
has it been submitted as part of the requirements for a degree except as fully
acknowledged within the text.

I also certify that the thesis has been written by me. Any help that I have received in my
research work and the preparation of the thesis itself has been acknowledged. In
addition, I certify that all information sources and literature used are indicated in the
thesis.

Signature of Candidate



ACKNOWLEDGMENTS

First of all, I would like to express my special thanks to my supervisors, Dr. Ahmed Al-
Ani, A/Prof. Dr. Daniel Tan and Prof. Dr. Derek Eamus, for their continuous support,
guidance and encouragement that enabled me to present this work. I really have learned
a lot from them on critical thinking and analysing the research problems, not only from
this research but also from other projects. I hope this combination as a research team
will continue in the future.

I would also like to give thanks to my family who supported and encouraged me
throughout the degree program. I must accept that without their support, it would have
been impossible for me to complete this research work. A special thanks to my mother,
father, brothers and sisters, whose prayers always encouraged me to continue my PhD
research.

I would like to express my deepest appreciation to the Faculty of Engineering and
Information Technology, University of Technology, Sydney for supporting and funding
my PhD studies. Also the research funding and top up grant from the Cotton Research
and Development Corporation (CRDC), Australia is acknowledged. I am grateful to Dr.
Ian Rochester from the Australian Cotton Research Institute, Narrabri for his support
and help in conducting field work. Many thanks to my friends Gemma Armstrong, Dr.
Nicole Grant, Adel Al-Jumaily and Dr. Rami Khushaba for their wonderful company
during the PhD program.

My thanks are extended to all those friends who prayed for my success, and apologies

to those whom I have failed to mention in the list.



Table of contents

CERTIFICATE OF AUTHORSHIP/ORGINALITY ..cvtiiiiiiiieierieeeeeeeee e i
ACKNOWIEAZMENLS .....ooiiiiiiiiieie ettt e e e e eabeesseeesba e teeenseeees 1
LIST OF FIGURES ...ttt et st vii
LIST OF TABLES ...ttt sttt ettt ix
LSt Of @QUALIONS ...ttt ettt ettt et e et e st e ebee st e eseesnteenaeaens X
LiSt Of @DDIEVIAtIONS. .. ..cciiiiiiiiiciiieeiie ettt e ae e e aae e e aae e eaaeeesaeeeseseeenes X1
CHAPTER ONE ..ottt sttt st ettt 4
1 General INrOQUCTION ....c..eevuiiiiiiiiiieie ettt ettt st 4
L1 Background .......ccoooiioiiiiiieiee et 4
1.2 OBJECLIVES ..ttt ettt ettt ettt ettt e ettt e et e st e et essteenbeesabeenbeesnneenseens 6
List of publications directly associated with this research...........ccccccevviniiiiniiniinennne. 7
CHAPTER TWO
2 ReVIEW Of IIEETATUIE ...cveeiieiiiiieieiieeieee ettt s 9
2.1 INrOAUCHION ..ottt st 9
2.2 Destructive teChNIQUES .......eeerviieeiiieeiiie ettt e 10
2.2.1 CHN QNALYSET ...eeiviieeiieeeiieeciee ettt e et e e ae e et e e e sreeesnseeenseeenneas 10
2.2.2  Kjeldahl digestion method ...........coocvieriiieriiieie e 10
2.3 Spectral teChNIQUES ......vveeeiiieiiie ettt e sre e e e e e 11
2.3.1 Leaf colour chart (LCC).....iiiiiiiiieeieeeeeee e e 11
2.3.2  The SPAD MELET .....ooiuiiiiiiiieiie et 11
2.3.2.1 Basic functional mechanism of SPAD .........ccocciiiiiiiiiiiiniiieee, 15
2.3.2.2 Estimation of leaf nutrients using the SPAD meter ..........ccceevveeennnnn. 16
2.3.2.3 Factors affecting leaf chlorophyll content.............cccceeveiiiniiinncieennnnn. 17
2.3.2:4  LAMITATIONS c..eiiutieiiieiie ettt ettt ettt et e et see e sabeesiteebeesneeenee 18
2.4 Digital teChNIQUES .....ccuviieeiieeiieeciieeee et 18
2.4.1  Digital image and colour analysis in agriculture..........c..cceceveeviervenennene 21

2.4.2  Use of digital image and colour analysis for plant growth and yield

Sy 10018 (0] 1 DO USROS TP 21
2.4.3  Use of digital imaging for plant N estimation...........ccccecceeveereericrvenennene 23
2.4.4  Use of digital imaging for estimating crop phosphorus status.................. 25



2.4.5  Use of digital imaging for estimating leaf development.............c..ccce.e. 27

2.4.6  Tractor-Mounted digital SYStemS ........cccueeviiriieiiieiiieieeie e 31
2.4.6.1  GIEENSECKET ....ccvvieeiiieciie ettt ettt e e et e e e e e ree e saveeeeaseeens 32
2.4.6.2  Crop-CirCle ... ciiiiiiieiiieeiiie ettt ettt te et ree e s enaeessareesaeeeens 34
2.4.6.3  YAra N-SEISOT ....eeuiiiiieiiiieiie ettt ettt ettt ettt sae e s te e it enaees 36

2477  Crop RefleCtance........c.cccveeiieiiiiriieiiecie ettt 37

2.4.8  Vegetation INAICES .......covieiiieiieeiieiie et eeee et e eeteeteeeveebeessaeeseeseseessee e 38

249  Remote sensing teChNOlOZY........cccveevierieiiiienieeiieiie et 40
2.49.1 Types of remote SenSING SYSLEIMS ......eevrureerrureerrieeriieerieeerreeenreeenareens 41
2.4.9.2  Satellite platform ........ccccuiieiciiieeiieeciee e e 42
2.4.9.3  Airborne platformi.........ccceeeoiiieiiiieiiieeeeee e 43

2.5  Evaluation of LCC, SPAD and image processing-based N estimation meters 44

B N 11110 0T oy RS SS 47
CHAPTER THREE

3 General material and MeEthods..........cccoooiiriiiiiiiiii e 48

3.1 INEFOAUCHION w.eitiiiiiieiee ettt e 48

3.2 Crop species and ZENOLYPES......ccueeueeruieeiuieniieeiieniieeteerieesteesieesreeseeesseenseesnns 48

3.3 GreenhouSe EXPETIMENTS .....ecvueeeiieriieeiieniieeteeieeseeeieeseeeeeeesieeenbeesseesaseenaeeenne 48

3.3.1  Experimental deSigN........cccueeiiiiiiiiiiieiiieiieeie et 48

3.3.2  Mineral nutrition and ProCeSSING .......ccceeevrerrrerueeriierieeriienreenieeseeesseenenes 49

3.4 Field @XPeriments .......cccuieiuieeiieiieeieeite ettt ettt st e seeeeteesnaeenseenee 49

3.4.1  EXperimental SEt UP......cccoecieriieiiierie ettt 49

342 CoOttOn EXPEIIMENL......eccuvieiieriieeiieniieeteenteeeteeseeesteesseesreenseesaseenseessseensees 50

3.5 Datad COllECHION ....eeutiiieiiieieeiieeieeteee sttt sttt st 51

3.5.1 Biochemical @SSay ........ccccvieeiiiieiiieiiiiece e e e 51
3.5.1.1 Chlorophyll MeasuremMents...........ccceeerueeeriieerieeerieeerieeerreeesveeeevee e 51
3.5.1.2 Leaf N CONCENtration ..........ccoeueerieriieenieiiieiie et 51
3.5.1.3 Leaf P CONCeNntration..........cceeeeuveeeiiieeeiiieeeieeesreeeeereeeeeeesveeesveeesevee e 51
3.5.1.4 Leaf anthOCyanin .........cccceecueieeiiieiiie et 52

3.5.2  Non-destructive MeaSUICMENLS .........cccueerueeruierieeiiienieeieenieeeeeesieeeveeseees 52
3.5.2.1  Leaf GIEENNESS ....ccccuvieeiiieeiieeeieeeciee et iee e ree e e e et 52
3.5.2.2 Leaf scanning for image collection ...........c.cceeveeecieeeciieenciieeiee e 52

CHAPTER FOUR ...ttt ettt ettt et e eaeenee 54



4  Estimating leaf chlorophyll and nitrogen content in different crop species growing

0N Variable N IEVEIS. ... .ooiiiiiiiiie e et 54
4.1 INEEOAUCION ..ottt ettt et et st et e s e e e 54
4.2 Image processing-based technique for measuring leaf dimension................... 56

4.2.1  Experimental procedure ............ccoceerieriiinieiiieiieee e 56
4.2.1.1 Leafscanning and image ProCeSSING..........ceuvrerreerreerueereersieeseeenreennnes 56
4.2.1.2 Li-Cor 3100 leaf area mMeter ..........cccceeveieieeniieiienieeeecee e 59
4.2.1.3 Benchmark images .........cccecueeviiiiiiiiiiiiieiecie e 59

.22 RESUIES et 59

4.3  Image processing-based techniques for determining leaf chlorophyll and N
content of greenhouse-grown Plants...........ccceveviieeriieeriieeiieeee e e 63

4.3.1 Experimental procedure ............oocvveeiiieeiiieeeiie e 63
4.3.1.1 Destructive chlorophyll measurement............c.cccoeevuveeriieiniieeenieeeienn, 63
4.3.1.2 Non-destructive estimation of leaf chlorophyll.............ccccocvirneinnnnen. 63
4.3.1.3 Lab-based leaf nitrogen measurement. ..........cceceeeeeuveeriueeenieeeeriveesnneenns 64
4.3.1.4 The proposed algorithm to measure chlorophyll...........c.ccocovviriinnnen.. 64

4.3.2  Results and diSCUSSION .....cc.eeeruiiiiiiiiiiiiiiieeieie e 65
4.3.2.1 Effect of N fertilisation on leaf N status..........ccccceeiiiiiiniiniienicnnnnnn. 65
4.3.2.2 Effect of N fertilisation on leaf chlorophyll content ..............ccceeenee. 67
4.3.2.3 Comparison of modified RGB technique and SPAD-502 for measuring
leaf chlorophyll content in three plant SPECIes........cccvevviieeciieeniieeriie e 69
4.3.2.4 Comparison between Chlrgp and other image processing based
] 100 011 1100 TP PS 72
4.3.2.5 Leaf N estimation by SPAD and the modified RGB technique............ 74

4.4  Image processing-based technique for estimating chlorophyll and N content of
151 (0 B e U010 4 o (o] o SRS 77

4.4.1 Experimental procedure ............oocveeeiieeeiieeeiie e 77
4.4.1.1 Dark green colour INAEX ......c..ceovuieeriieeriiieeiieeeie et e 77
4.4.1.2 The modified image-based nitrogen/chlorophyll estimation method.... 78

4.42  Results and diSCUSSION .....ccuieiuiiiiiiriiieiieie e 78
4.42.1 Crop response to N fertilisation..........ccccveervieerciieeriiie e eeree e 78
4.4.2.2 Comparing efficiency of various crop N estimating techniques ........... 80

4.4.2.3 A single formula for estimation of leaf Chl and N content of greenhouse
ANd FIEld GEOWN CTOPS ..eeiueiieeiiieeiieeeiee ettt e et e e e et e e b e e saa e e esaeeeseeeennes 83



4.4.2.4 Correlation between SPAD, DGCI and the modified RGB technique

with respect to lab N and Chl..........ccccooiiiiiiiiiiiieeeeee 84
4.5 Image processing-based technique for detecting the N status of cotton crops.87
4.5.1  Experimental procedure ............ccoceerieriienienieeiieee e 87
4.5.1.1 Image processing based nitrogen estimation in cotton (IPNC)............. 87
4.5.2  Results and diSCUSSION .....ccceeeruiriiiiiiiiiiieeie et 88
4.5.2.1 Correlation with the actual nitrogen readings .........ccccceveereevericncenens 88
4.5.2.2 Detection of leaf N treatment levels.......c..cocecerieiieiiiinininnnnennne. 90
4.5.2.3 Yield increment under increasing nitrogen application rate.................. 94
4.6 SUIMIMATY .ovvieeiiieeiieeeieeeeitteeeieeeseteeessteeesseeessteesseeessseeessseeensseeessseesnsseesnssessnnes 95
CHAPTER FIVE
5 IMAGE-BASED (RBG) TECHNIQUE FOR ESTIMATING PHOSPHORUS
LEVEL IN DIFFERENT CROPS ...ttt 97
5.1 INErOAUCTION ..ottt e 97
5.2 Material and methods ..........ccooiiiiiiiiiiiiiii e 98
52,1 Data COIECION .....oouiiuiiiiiiiciiiiccecc e 99
5.2.1.1 Determining leaf anthocyanin and P content (destructive method) ...... 99

5.2.1.2 Classifying plants on the basis of anthocyanin and P content (non-

destructive MEthOd) .......cooviiieiieeie e e 99
5.2.1.3 The proposed algorithm for estimating leaf P content ........................ 100
5.2.1.4. Linear discriminant analysis (LDA) ....ccccoeovieiiiieeiiieeeeeee e 102
5.2.1.5 Categorisation using a decision tree model..........cccceeevveeriiienciierinnennn. 104
5.3 Results and DiSCUSSION......cccueeiiiiiiiiniiiiiieiie et 104

5.3.1 LDA-based classification of plants varying in leaf anthocyanin content 104

5.3.2  LDA-based classification of plants varying in leaf P content................. 106
5.3.3  Cotton growth under limited P SUPPLY ...ccoevveeviieiiiiniieiiiieeeeeeee 109
5.3.4  Decision tree model for estimating P requirements of cotton crop......... 111
5.3.5  Estimating leaf P content using the modified RGB technique................ 112

54 SUIMNMATY .eeiiiiiiiiiie ettt ettt e e st e e sbee et eeeabeesaeeesasaeesnseeenanes 114

6 CHAPTER SIX ..ottt sttt 115
6.1 CONCIUSIONS ..entiiiiiieiiiie ettt ettt ettt saeeees 115
6.2 Suggestions for future research ...........ccoocieiiiiiieiieni 117
RETETEICES ...ttt ettt sttt 118

Vi



LIST OF FIGURES

Figure 2.1: Commonly used leaf colour chart (LCC) 11
Figure 2.2: Close-up of SPAD Meter 12
Figure 2.3: Electromagnetic spectrum (Casady and Palm, 2002) 13
Figure 2.4: Incident (I), reflected (R), absorbed (A) and transmitted (T) energy from a
leaf surface (Havrankova, 2007) 13
Figure 2.5: Light reflectance curves from different objects (Keiner and Cilman, 2007) 14
Figure 2.6: Leaf inner structure and light absorbance (Schepers, 2005) 14
Figure 2.7: Hydro N-Tester
http://www.arablefarmer.net/uploads/media/mineral_fertil.pdf 18
Figure 2.8: Effect of the time of day on CM 1000 readings at 45 and 90 degrees to the
canopy surface 19
Figure 2.9: Camera set up for estimating leaf N status (Luna et al. 2010) 25
Figure 2.100: (A) Image acquisition system structure (Li et al., 2008), (B) Camera set
up (Rico-Garcia et al., 2009) 29
Figure 2.11: Fertilising systems using the GreenSeeker (Havrankova 2007) 33
Figure 2.12: Illustration of GreenSeeker’s light emission and reflectance measurement
system (Image was taken from http://www.lesspub.com). 34
Figure 2.13: Crop-Circle sensor (Havrankova 2007) 35
Figure 2.14: Yara N sensor (Image was taken from http://www.agricon.com) 37
Figure 2.15: Typical reflectance spectrum of a healthy and a stressed plant (Govaerts
and Nele, 2010) 40
Figure 2.16: Active (A) and passive (B) remote sensing system (CCRS 2006) 42
Figure 4.1: Block diagram of the modified RGB technique 57
Figure 4.2: Processing steps of an acquired image. (a) an original leaf image, (b) image
in greyscale, (c) after applying a 2-dimensional filter, (d) after edge detection 58
Figure 4.3: Correlation between leaf area estimations of Li-Cor 3100 and the modified
RGB technique 62

Figure 4.4: Changes in tissue N concentration of uppermost fully expanded leaves of
tomato plants under variable N application rates (data collected during different growth
stages). 66
Figure 4.5: Changes in tissue N concentration of uppermost fully expanded leaves of
broccoli under variable N application rates (data collected during different growth
stages). 66
Figure 4.6: Changes in tissue N concentration of uppermost fully expanded leaves of
lettuce under variable N application rates (data collected during different growth

stages). 67
Figure 4.7: Changes in leaf chlorophyll content of broccoli under various N
concentrations. 68
Figure 4.8: Changes in tomato leaf chlorophyll content under various N concentrations.
69

Figure 4.9: Changes in leaf chlorophyll content of lettuce under various N
concentrations. 69
vii



Figure 4.10: Correlation between Labcy and the estimated chlorophyll readings using
SAPD (A, C and E) and Chlggp (B, D and F) for tomato, lettuce and broccoli 72
Figure 4.11 Comparison of various leaf N estimation methods in three different plant
species i.e. broccoli (A, B and C), Tomato (D, E and F) and lettuce (G, H and I) 76
Figure 4.12: Changes in leaf N (A) and chlorophyll content under various N treatments.
79
Figure 4.13: Relationships between leaf chlorophyll content and SPAD readings 81
Figure 4.14: Relationships between leaf chlorophyll content and SPAD readings 82
Figure 4.15: Relationships between leaf chlorophyll content and SPAD readings 83
Figure 4.16: Correlation between SPAD, DGCI and the modified RGB technique with
respect to lab N and Chl 86
Figure 4.17: Correlation between leaf N content and (A) SPAD, (B) Handheld crop
sensor (Trimble) crop sensor, and (C) our proposed image processing based N
estimation in cotton (IPNC) algorithm 90
Figure 4.18: Column 1: first growth stage (73 days after sowing), column 2: second
growth stage (118 days after sowing), and column 3: third growth stage (163 days after

sowing). 93
Figure 4.19: Effect of increasing nitrogen application rate on cotton lint yield 94
Figure 5.1: Crossover 101
Figure 5.2: Mutation 101
Figure 5.3: A set of reading or measurements that belong to two classes, orange and
brown. 102
Figure 5.4: An example of what Sb attempts to achieve by pushing away the centres of
the two classes far away from each other. 103
Figure 5.5: An example of what Sw attempts to achieve by bringing the samples of each
class closer together. 103
Figure 5.6: Confusion matrix for the classification of lettuce plants on the basis of leaf
anthocyanin content (A) 105
Figure 5.7: Confusion matrix for the classification of tomato plant on the basis of leaf
anthocyanin content (A) 106
Figure 5.8: Confusion matrix for the classification of lettuce plants on the basis of leaf P
content 107
Figure 5.9: Confusion matrix for the classification of tomato plants on the basis of leaf
P content 108
Figure 5.10: Confusion matrix for the classification of cotton plants on the basis of leaf
P content 109
Figure 5.11: Clustering of cotton plants on the basis of leaf area, perimeter and dry
weight using a decision tree model. 112

Figure 5.12: Correlation between leaf P content (laboratory based analysis) and values
estimated by the modified RGB technique in (A) lettuce, (B) tomato and (C) cotton. 113

viii



LIST OF TABLES

Table 2.1 Comparison among various techniques used for measuring leaf chlorophyll

ANA N 1EVELS OF CTOPS ...eeeutieiiieiiee ettt ettt et 20
Table 4.1: Actual and estimated areas of the benchmark shapes using Li-Cor3100 and
leaf scanning teChNIQUE .........ocoviiiiieiiecieeieece ettt eeae s e enne 61

Table 4.2: Correlation coefficient (R”) values for chlorophyll contents estimated by
image processing (IP) based algorithms and actual leaf chlorophyll contents of tomato,
lettuce and BIOCCOLL .....couviuiiiiiiiirtiicre ettt s 74
Table 4.3: Correlation of leaf chlorophyll and N contents estimated by RGB algorithm
(a single formula) with actual leaf chlorophyll and N contents of three crops growth

under greenhouse and field cONditionS..........occuieiieiiiiiieiii e 84
Table 5.1 Classification of cotton plants into different group on the basis of leaf P
concentration estimated by linear discriminant analysis.........cccocceeveveeenieenceeencieeenen. 110

Table 5.2: Correlation coefficient (R?) values between estimated (the modified RGB
technique) and original (laboratory based method) P content for three crops, lettuce,

tOMALO ANA COLEOM ...ttt ettt ettt 114
LIST OF EQUATIONS
LeafArea = GN X GA ..o, Equation 2-1 27
LeafArea = WC ..o Equation 2-2 27
LeafArea = f(L,W) oo e, Equation 2-3 28
NDVI = (NIR — RED )( NIR + RED )
.................................................. Equation 2-4 39
Chla= 1225 A% 255 ASC Equation 3-1 51
Chlb=20.31 A% -4.91 A3 Equation 3-2 51
Chla+b=17.76 A%+ 734 A3 . Equation 3-3 51
Anthocyanin level = As30 — 0.24 Ags3 vovvvenieeiniiiiiiinnnnn. Equation 3-4 52
Error = (A1 — A2A2) X 100 oo, Equation 4-1 59
ChOL =1logsigG — R3 —B3255 ... Equation 4-2
64
Estimated leaf chlorophyl contents = (R-B)/(R+B).................. Equation 4-3 72
Estimated leaf chlorophyl contents = G/(R+G+B) .................... Equation 4-4 73
Estimated leaf chlorophyl contents =R ..................coiiiiini Equation 4-5 73
Eastimated leaf chlorophyll contents = R/(R+G+B) ................ccoeee. Equation 4-6 73
Estimated leaf chlorophyll contents = G/R ..............cooviiiiiinn... Equation 4-7 73
Estimated leaf chlorophyll contents =R+G ...................oooine Equation 4-8§ 74
DGCl = [(H—60)/60 + (1=S) + (1 =D]/3 ceeiirieennn. Equation 4-9 77
NRGB=G—=R/2—=B/2 . Equation 4-10 78



ChRGB =R+ G+ B3 =G oo Equation 4-11

78
Ek(o, B,Y) = Nitrogen — IPNC = Nitrogen — (aG + R + yB) ....Equation 4-12 88
CVo,B, Yy =k = 1KEE(O,B,Y)  «eoeeieeiiiieieeee e, Equation 4-13 88
IPNC=0.01G—=0.6R+08B ...ccceiiiiiiiiiiiieieeae Equation 4-14 88
Leaf P (cotton) = Rx(-0.6466) - Gx0.0203 + Bx1.4837 - LAx0.3758......Equation 5-2
102
Leaf P (tomato) = R1x1.1236 - G1x0.6644 - B1x0.5851 + LA1x0.0249 ..Equation 5-3
102
Leaf P (lettuce) = R2x1.1236 - G2x0.6644 - B2x(0.5851 + LA2x0.0249 .Equation 5-4
102
Leaf P (all three crops) = 1.0811xR - 0.6518%xG - 0.3780%B + 0.2248xLA
........................................................................................ Equation 5-5
102
SB =10 =1cUi = XUL = XT .ot e, Equation 5-6 103
SW=i=1c*k = 1lixk —vixk —viT ..o, Equation 5-7
103
Within class distanc =
agrGmaxTrace(GTSbG)Trace(GTSWG) ......ccocevvvnennin. Equation 5-8 104



List of abbreviations

Active light source (ALS); lab-based analysed leaf N content (Labcp). weeks after
treatment (WAT); days after sowing (DAS); dark green colour index (DGCI); red, green
and blue (RGB); linear discriminant analysis (LDA); phosphorus (P); Nitrogen (N);
chlorophyll (Chl); N-use-efficiency (NUE); genetic algorithm (GA); leaf colour chart
(LCC); remote sensing (RS); near infrared (NIR); infrared (IR); visible and near
infrared (Vis/NIR); Hydro N Tester (HNt); chlorophyll content index (CCI); joint
photographers expert group (JPEG); leaf area index (LAI); ratio vegetation index (RVI);
difference vegetation index (DVI); green vegetative index (GVI); land perpendicular
vegetation index (PVI); inductively coupled plasma (ICP); normalized difference
vegetation index (NDVI); leaf chlorophyll content measured by the modified RGB
technique (Chlrgg)

Xi



ABSTRACT

Leaf dimensions and pigments are the important traits in plants that play a key role in
estimating light interception, absorption and food production. In predictive research,
these parameters are a useful data source for devising crop management techniques such
as cultivation, pruning and fertilisation. Destructive and non-destructive techniques are
commonly used for estimating crop growth and nutrient status. Although, destructive
methods are more accurate, these are expensive, laborious and impracticable for large
fields. In contrast, various non-destructive techniques have been developed for
predicting crop N requirements that are relatively fast and less expensive. However,
lack of consistency in accurately predicting the true N levels of different crop species
under variable environments require further exploration of this area. In the present
study, a new and relatively more efficient technique has been proposed for measuring

leaf dimensions, chlorophyll, and N and phosphorus (P) content.

In the initial study, leaf images from a range of plant species were collected using a
handheld portable digital scanner (Pico Life). Edge detection and filtering algorithms
were applied to identify the leaf section of the image against the background. Data of
forty leaves that vary in shape and size (from grasses to broad leaf plant species) were
collected and processed using a new algorithm as well as the Li-Cor 3100. Data
indicated high accuracy of the proposed algorithm for estimating leaf area, length, width
and perimeter. It was verified by a strong correlation (R*=0.999) between leaf area

measured by Li-Cor 3100 and by digital scanner.

After successful application of the digital scanner for estimating leaf size and
dimensions, the images collected by this scanner were used for predicting chlorophyll, P
and N content of tomato, broccoli and lettuce leaves. The plants were grown under
controlled conditions using nutrient solution and at early reproductive growth (after 8
weeks of growth) these were exposed to various N levels for seven weeks. Data on leaf
chlorophyll and N content were collected through biochemical assays (Labcy). In
addition, data were collected by the SPAD-502 and portable scanner. Images collected
by the portable scanner were processed by averaging the R (red), G (green) and B (blue)
values of all the leaf pixels. Based on the RGB values, a new algorithm was developed

that estimates leaf chlorophyll content (Chlrgg). Despite slight variations in response to

1



applied N levels in the three crops, the leaf chlorophyll and N content significantly
increased with increasing N levels in nutrient solution in the studied crop species. Under
N deficient conditions (NO), tomato and broccoli plants showed significantly lower leaf
N content just 2 weeks after treatment (WAT), compared with N-treated plants (any N
level) suggesting a rapid response of these crops to N deficiency. However, response to
various N levels in lettuce was slower and the difference in N concentrations in the
leaves of N-deficient (0 and 0.2 N) and N-treated plants became significant at 5 WAT.
Compared with leaf N, reduction in leaf chlorophyll levels in response to N deficiency
was slow, and the difference in leaf chlorophyll content of N-deficient and N-sufficient
plants was significant at 5 WAT in all the studied crops. The chlorophyll values
calculated by SPAD and by the modified RGB technique were plotted against Labcp
and N content. The correlation coefficient (Rz) between SPAD values and Labcy was
0.90, 0.73 and 0.81 for tomato, lettuce and broccoli, respectively. In contrast, the
relationship between Chlrgp and Labcy was relatively stronger and more consistent for
all three crop species that is 0.97, 0.90 and 0.91 for tomato, lettuce and broccoli,
respectively. Similarly, highly significant relationships (R* values) were recorded
between the leaf N content and Chlggg such as 0.94, 0.93 and 0.72 for broccoli, tomato

and lettuce, respectively.

The high accuracy of the modified RGB technique for measuring the crop N and
chlorophyll content was further confirmed by field-based studies. This technique again
outperformed the SPAD-502 in estimating leaf chlorophyll content. For example, R
values for SPAD readings and Labcy were 0.90, 0.92 and 0.84 for broccoli, tomato and
lettuce, respectively. The efficiency of this modified RGB technique was also tested
against dark green colour index (DGCI), a commonly used algorithm for estimating leaf
chlorophyll and N. The result indicated that the modified RGB technique outperformed
DGCI in the precision of predicting leaf Chl levels. A separate study was conducted to
estimate N requirements of field-grown cotton using the modified RGB technique,
where the efficiency of this technique was compared with other non-destructive
methods. The crop was grown under various N levels, and leaf N concentrations were
measured at different growth stages; late vegetative, peak reproductive and late
reproductive growth phase. The data showed that the modified RGB technique was
more effective and accurate in estimating cotton leaf N status compared with the SPAD-

502 as well as other handheld crop sensor.
2



In the final experiment, the leaf P and anthocyanin levels of different crops such as
cotton, tomato and lettuce was estimated using the modified RGB technique. The plants
were grown under on different P concentrations. Leaf chlorophyll anthocyanin and P
content were measured using laboratory techniques, while leaf images were collected by
the handheld crop sensor. Using RGB values of the collected images, leaf area, leaf
perimeter and chlorophyll content were calculated. These data were further used to train
a linear discriminant analysis (LDA) classifier for estimating leaf anthocyanin and P
content. In addition, a decision tree model was used to classify cotton plants into
different groups containing variable P levels. Both LDA and decision tree models
successfully classified these plants on the basis of leaf P content, indicating that P
deficiency in crop plants can be predicted using morphological data. It also suggested
that the modified RGB technique is highly efficient in estimating P requirements in

different crop species.
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