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Closing gaps through plant phenotyping
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@ Seedling, inflorescence,
fruit counting

@ Crop growth monitoring

@ Crop height, biomass

Phenological stage Araus, J.L., Kefauver, S.C., Vergara-Diaz, O., Gracia-Romero,
Counting 2 2 3 A., Rezzouk, F.Z., Segarra, J., Buchaillot, M.L., Chang-Espino,
@ @ ® M., Vatter, T., Sanchez-Bragado, R., Fernandez-Gallego, J.A.,
Monitorina 1 2 3 4 5 6 7 8 9 10 11 Serret, M.D., and Bort, J. (2022). Crop phenotyping in a
. & & & & @ ® 00000 context of global change: What to measure and how to do it. J.
3D 4 5 7 9 1 Integr. Plant Biol. 64: 592—-618
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/Ba5|s of remote sensing for plant phenotyping:
Multispectral/hyperspectral information

Characteristic spectral behavior of plants
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Table 1. Summary of the most common vegetation indices, their spectral nature and possible traits targeted

Target trait

Spectral information

Vegetation cover and
plot greenness

Chiorophyll content

Anthodyanin and
carotenoids content

Photosynthetic traits

Water content

HIS color model,

ClElab color model
Red-Green-Blue (RGB, visible)

Red, near infrared

Green, red, near infrared

Blue, red, near infrared

Green, near infrared

Water content

Vegetation indices

NDVI (Rouse et al., 1973)
SAVI (Huete, 1988)
QOSAYI (Rondeaux et al., 1996)

Applications

Stress detection
Canopy cover, LAI

Shoot green biomass Multispectral camera —
Growth dynamics .

o Tetracam micro-MCA12
Canopy greenness 12 independent imaging
Agronomic and yield traits - - .
T sensors + incident light
Phenology sensor

Stress detection
Chlorophyll content
Leaf nitrogen content

MCARI (Daughtry et al., 2000)
TCARI (Haboudane et al., 2002)

TCARI/OSAVI (Haboudane
et al., 2002)

Shoot green biomass
Senescence

Canopy greenness
Stress detection
Chlorophyll content
Leaf nitrogen content

ARI2 (Gitelson et al., 2001)
CRI2 (Gitelson et al., 2002)

Photosynthetic status
Chlorophyll content
Anthocyanin and carotenoids
content

Leaf nitrogen content

PRI (Gamon et al., 1992)
CCI (Gamon et al., 2002)

Stress detection
Photosynthetic status

WBI (Penuelas et al., 1993)
NDWI (Gao, 1996)

Senescence Araus, J.L., Kefauver, S.C., Vergara-Diaz, O.,
Gracia-Romero, A., Rezzouk, F.Z., Segarra,
Chlorophyll content J., Buchaillot, M.L., Chang-Espino, M., Vatter,
Stress detection T., Sanchez-Bragado, R., Fernandez-Gallego,
J.A., Serret, M.D., and Bort, J. (2022). Crop
Plant water status monitoring phenotyping in a context of global change:

What to measure and how to do it. J. Integr.
Plant Biol. 64: 592—618




Table 1. Summary of the most common vegetation indices, their spectral nature and possible traits targeted

Target trait Spectral information Vegetation indices Applications

Stress detection
Canopy cover, LAl
Shoot green biomass
Growth dynamics
Senescence

Canopy greenness

Agronomic and yield traits
Red, near infrared NDVI (Rouse et al., 1973) Plant emergence

SAVI (Huete, 1988) Phenology

QOSAYI (Rondeaux et al., 1996) Stress detection
Chlorophyll content

Leaf nitrogen content

Vegetation cover and HIS color model,
plot greenness

ClElab color model
Red-Green-Blue (RGB, visible)

Chiorophyll content Green, red, near infrared MCARI (Daughtry et al., 2000) Shoot green biomass
TCARI (Haboudane et al., 2002) Senescence

TCARI/OSAVI (Haboudane Ganopy greenness
et al., 2002) Stress detection

Chlorophyll content
Leaf nitrogen content

Anthodyanin and Blue, red, near infrared ARI2 (Gitelson et al., 2001) Photosynthetic status
carotenoids content CRI2 (Gitelson et al., 2002) Chlorophyll content
Anthocyanin and carotenoids
content
Leaf nitrogen content

Stress detection

Photosynthetic traits Green, near infrared PRI (Gamon et al., 1992) Photosynthetic status
CCl (Gaman et al., 2002) Senescence
Chlorophyll content
Stress detection

Water content Water content WBI (Penuelas et al., 1993) Plant water status monitoring
NDWI (Gao, 1996)
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Table 1. Summary of the most common vegetation indices, their spectral nature and possible traits targeted

Target trait Spectral information Vegetation indices Applications

Stress detection
Canopy cover, LAl
Shoot green biomass
Growth dynamics
Senescence

Canopy greenness

Agronomic and yield traits
Red, near infrared NDVI (Rouse et al., 1973) Plant emergence

SAVI (Huete, 1988) Phenology
QOSAYI (Rondeaux et al., 1996) Stress detection
Chlorophyll content

Vegetation cover and HIS color model,
plot greenness

ClElab color model
Red-Green-Blue (RGB, visible)

CEaT T OgeTT COTTeTt
Chlorophyll content Green, red, near infrared MCARI (Daughtry et al., 2000) Shoot green biomass
TCARI (Haboudane et al., 2002) Senescence

TCARIFOSAVI (Haboudane Canopy greenness
et al., 2002) Stress detection

Chlorophyll content
Leaf nitrogen content

Anthodyanin and Blue, red, near infrared ARI2 (Gitelson et al., 2001) Photosynthetic status
carotenoids content CRI2 (Gitelson et al., 2002) Chlorophyll content
Anthocyanin and carotenoids
content
Leaf nitrogen content

Siress detection

Photosynthetic traits Green, near infrared PRI (Gamon et al., 1992) Photosynthetic status

CCI (Gamon et al., 2002) Senescence
Chlorophyll content
Stress detection

Water content Water content WBI (Penuelas et al., 1993) Plant water status monitoring
NDWI (Gao, 1996)
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Table 1. Summary of the most common vegetation indices, their spectral nature and possible traits targeted

Target trait

Spectral information

Vegetation cover and
plot greenness

Chiorophyll content

Anthodyanin and
carotenoids content

HIS color model,

ClElab color model
Red-Green-Blue (RGB, visible)

Red, near infrared

Green, red, near infrared

Blue, red, near infrared

Vegetation indices

NDVI (Rouse et al., 1973)
SAVI (Huete, 1988)
0OSAVI (Rondeaux et al., 1996)

Applications

Stress detection
Canopy cover, LAl
Shoot green biomass
Growth dynamics
Senescence

Canopy greenness
Agronomic and yield traits
Plant emergence
Phenology

Stress detection
Chlorophyll content
Leaf nitrogen content

MCARI (Daughtry et al., 2000}
TCARI (Haboudane et al., 2002)

TCARI/OSAVI (Haboudane
et al., 2002)

Shoot green biomass
Senescence

Canopy greenness
Stress detection
Chlorophyll content
Leaf nitrogen content

ARI2 (Gitelson et al., 2001)
CRI2 (Gitelson et al., 2002)

Photosynthetic status
Chlorophyll content
Anthocyanin and carotenoids
content

Leaf nitrogen content

Photosynthetic traits

Green, near infrared

Water content

Water content

PRI (Gamon et al., 1992)
CCI (Gamon et al., 2002)

WBI (Penuelas et al., 1993)
NDWI (Gao, 1996)

Stress detection
Photosynthetic status
Senescence

Chlorophyll content
Stress detection

@
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Plant water status monitoring
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Table 1. Summary of the most common vegetation indices, their spectral nature and possible traits targeted

Target trait Spectral information Vegetation indices Applications

Stress detection
Canopy cover, LAl
Shoot green biomass
Growth dynamics
Senescence

Canopy greenness

Agronomic and yield traits
Red, near infrared NDVI (Rouse et al., 1973) Plant emergence

SAVI (Huete, 1988) Phenology
QOSAYI (Rondeaux et al., 1996) Stress detection

Chlorophyll content
Leaf nitrogen content

Vegetation cover and HIS color model,
plot greenness

ClElab color model
Red-Green-Blue (RGB, visible)

Chiorophyll content Green, red, near infrared MCARI (Daughtry et al., 2000) Shoot green biomass
TCARI (Haboudane et al., 2002) Senescence

TCARI/OSAVI (Haboudane Ganopy greenness
et al., 2002) Stress detection

Chlorophyll content
Leaf nitrogen content

Anthodyanin and Blue, red, near infrared ARI2 (Gitelson et al., 2001) Photosynthetic status
carotenoids content CRI2 (Gitelson et al., 2002) Chlorophyll content
Anthocyanin and carotenoids
content
Leaf nitrogen content

Stress detection

Photosynthetic traits Green, near infrared PRI (Gamon et al., 1992) Photosynthetic status
CCI (Gamon et al., 2002) Senescence

Ghierephyll-eentent
Stress detection

Water content Water content WBI (Penuelas et al., 1993) Plant water status monitoring
NDWI (Gao, 1996)
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- Basis of remote sensing for plant phenotyping:

\\\
“Multispectral/hyperspectral information

. remote sensing “'ﬁ‘tﬂ]
Articie
Erenotyping Cons ;“;1‘:;iif;‘;;‘f,;‘;gﬂ;‘;‘;;g*“‘““t Southern Africa regional station of CIMMYT, Domoboshawa,
Assessments of Maize Hybrids Performance Zimbabwe 5
in Zimbabwe @ A . i
;lu‘lrlan gr::i:-ltnmelf 1,01:;;1‘ \l't'!r[.g:a-ﬂia;tj , Christian Thierfelder ?, Jill E. Calrns ?, 8 malze ‘ ﬁ CO n S e rvat I O n Ag r I C u I t u re (CA)

hybrids % — i
Gracia-Romero, A.; Vergara-Diaz, O.; Thierfelder, C.; Cairns, J.E.; y Convent|0na| Ploug hed (CP)
Kefauver, S.C.; Araus, J.L. Phenotyping Conservation Agriculture

Management Effects on Ground and Aerial Remote Sensing

Assessments of Maize Hybrids Performance in Zimbabwe. Remote
Sens. 2018, 10, 349. https://doi.org/10.3390/rs10020349

According to the FAO
definition, the soil surface
has to be covered at least
by 30% to qualify as CA
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NDVI mask:
vegetation >0.4
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Conventional RGB images

Indexes based on
greenness of the image

Green Area (G4)
(% pixels con 602 < Hue < 180°)

brightness
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Basis of remote sensing for plant phenotyping:

Greener Area (GGA)
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. A ‘Basis of remote sensing for plant phenotyping:
REPORTS Conventional RGB images

natureresearch

OFEN Leaf versus whole-canopy remote
sensing methodologies for crop
monitoring under conservation
agriculture: a case of study
with maize in Zimbabwe

Adrian Gradia-Romero*, Shawn C. Kefauver™, OmarVergara-Diaz™*, Esnath Hamadziripi®,
Mainassara A. Zaman-Allah®, Christian Thierfelder®, Boddupalli M. Prassana®, Jill E. Cairns® &
José L. Araus+7

Gracia-Romero, A.; Vergara-Diaz, O.; Thierfelder, C.; Cairns, J.E.;
Kefauver, S.C.; Araus, J.L. Phenotyping Conservation Agriculture
Management Effects on Ground and Aerial Remote Sensing
Assessments of Maize Hybrids Performance in Zimbabwe. Remote
Sens. 2018, 10, 349. https://doi.org/10.3390/rs10020349

Southern Africa reqgional station of CIMMYT, Harare, -
Zimbabwe i sl v- “*z}i,x\&w.!m,

O = 6 residue levels Y W&’?W?ﬁ 3

& ‘}

‘ = 3 top-dressing fertilizer levels

= Conventional tillage
g = Level of N fertilizer application
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Canopy-based measures were shown as
effective measurements of crop biomass, as a
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direct effect of the water/nutrient availability Cor - 0.647 Cor - 0.898
of the plot. () 26 - 0 a3 o
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Comparative Performance of
Ground vs. Aerially Assessed RGB
and Multispectral Indices for
Early-Growth Evaluation of Maize
Performance under Phosphorus
Fertilization

Adrian Gracia-Romero ', Shawn C. Kefauver ', Omar Vergara-Diaz ',
Mainassara A. Zaman-Allah®, Boddwpaill M. Prasanna®, M E. Calms? and José L. Araus '™

Gracia-Romero A, Kefauver SC, Vergara-Diaz O, Zaman-Allah MA,
Prasanna BM, Cairns JE and Araus JL (2017) Comparative
Performance of Ground vs. Aerially Assessed RGB and
Multispectral Indices for Early-Growth Evaluation of Maize
Performance under Phosphorus Fertilization. Front. Plant Sci.
8:2004. doi: 10.3389/fpls.2017.02004
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‘Basis of remote sensing for plant phenotyping:

Conventional RGB images

Southern Africa reqgional station of CIMMYT, Harare, Zimbabwe

g @ Non-phosphorous fertilized (NPF)
& —

25 maize _ .
hybrids Optimum phosphorous fertilized
(OP) + 400 kg ha™' of superphosphate
RGB mosaic
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. _— Basis of remote sensing for plant phenotyping:
—~—  Conventional RGB images

Comparative Performance of
Ground vs. Aerially Assessed RGB
and Multispectral Indices for
Early-Growth Evaluation of Maize
Performance under Phosphorus

Fertilization ’ E ) >
Adrian Gracia-Romero ', Shawn C. Kefauver', Omar Vergara-Diaz ',
Mainassara A. Zaman-Allah®, Boddwpaill M. Prazanna®, M E. Caims? and José L. Araus ™ CD
Fl -
Gracia-Romero A, Kefauver SC, Vergara-Diaz O, Zaman-Allah MA, V g_)
Prasanna BM, Cairns JE and Araus JL (2017) Comparative N\ /
Performance of Ground vs. Aerially Assessed RGB and
Multispectral Indices for Early-Growth Evaluation of Maize — —
Performance under Phosphorus Fertilization. Front. Plant Sci. («b) CD
8:2004. doi: 10.3389/fpls.2017.02004 > <
D D
Ground vs. aerial - -
Ly p-value c O1
GA 0.970" 0.000*** — 3
O —

FIGURE 2 | Examples of the differences in resolution between images taken at
ground level and aerially.

N
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~ Basis of remote sensing for plant phenotyping:

Conventional RGB images
. remote sensing ﬁ\w

Article
UAV and Ground Image-Based Phenotyping: A Proof
of Concept with Durum Wheat

Adrian Gracia-Romero 120, Shawn C. Kefauver 12, Jose A, Fernandez-Gallego 210,
Omar Vergara-Diaz 120, Maria Teresa Nieto-Taladdz ¥ and José L. Araus 12000
1

Integrative Crop Ecophysiolegy Group, Plant Physiolegy Section, Faculty of Bielogy, University of

Barcelona, 08028 Barcelona, Spain; adriangraciaromero@hotmail.com (4.G,-R.); sckefauver@ub.edu (5.0 K ); 1 1 1 1
A S Experimental field of INIA in Colmenar de Oreja,
4 AGROTECMID (Center for Research in Agrotechnologyl, Av. Rovira Rowre 191, 251498 Lleida, Spain .
¥ Institute Macional de Investigacién v Tecnolegia Agraria v Alimentaria (INIA), Cira. de la Corufia Km., 7.5, Sl !al n
28040 Madrid, Spain; minieto@iniaes . .
v Correspondence: jaraus@ub.edu; Tel.: +34-608-644-144 ] We I I - I rrl g ated
Received: 14 March 2019; Accepted: 22 May 200%; Published: 25 May 2009 f‘:efrt’:
|
Gracia-Romero, A.; Kefauver, S.C.; Fernandez-Gallego, J.A.; Vergara-Diaz, O.; 24 Wheat .‘.’f - Ralnfed Al
Nieto-Taladriz, M.T.; Araus, J.L. UAV and Ground Image-Based Phenotyping: A enOt es ..
Proof of Concept with Durum Wheat. Remote Sens. 2019, 11, 1244. g yp r4

https://doi.org/10.3390/rs11101244

= Late planting
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0 Well irrigated trials

Ground level Aerial level

@ Similar performance

@ Whole plot assessment
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RGB index Multispectral index
1.00 1.00
® Ground S = ® Ground
0754 y=869x-258 H . - .' ° ¢ 0.75 y = 10.65% - 2.41
R’ = 0468 W » 8 R’ =0.407
.I —
@ 2
< " har > 3
{D 0.50 y=1.96x+3.75 o a = ).50 y=8.21x- 156
R?-0.103 ¢ %" R%-0.206
° %
0.251 @ v 0.251
0.00 0.00 - y .
0 2 4 -
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e OWeII irrigated trials

RGB index Multispectral index
] 1.00 1,00
Ground level Aerial level
(<1 m) (50 m) ® Ground ) ® Ground
07541 y=869x-258 H ’.'. B 0754 y=10865x-2.41
ﬁ R? = 0.468 P L. . . R® = 0.407
® Aeria D) o - ¢ S ® Aeria
= EE 0.504 y=149ﬁ:(+tli.75 P " % 1,501 y=8.2A‘lex-|1.56
R?-0.103 e - . R®-0.296
° % c
0.25 » — 0.251

@ Similar performance 0.00 : : . ) : : :
0 '3 B 8 0 2 4 6

6
Grain yield (Mg/ha) — i cuc 4, Grain yield (Mg/ha)
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~Basis of remote sensing for plant phenotyping:
Canopy temperature

Transpiration is one of the main factors
reducing plant’s temperature

OOOOOOOOOOOOOOOOOOO
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~ Basis of remote sensing for plant phenotyping:

Canopy temperature
. remote sensing ﬁ\w

Article
UAV and Ground Image-Based Phenotyping: A Proof
of Concept with Durum Wheat

Experimental field of INIA in Colmenar de Oreja,

Adrian Gracia-Romero 120, Shawn C. Kefauver 12, Jose A, Fernandez-Gallego 210, S Qal n
Omar Vergara-Diaz 120, Maria Teresa Nieto-Taladdz ¥ and José L. Araus 12000

! Integrative Crop Ecophysiology Group, Plant Physiolegy Section, Faculty of Riology, University of n Wel I'I rrlg ated
Barcelona, 08028 Barcelona, Spain; adriangraciaromero@hotmail.com (4.G,-R.); sckefauver@ub.edu (5.0 K );
fernandezgallego@gmail.com {].4.F-G.); omarvergaradiaz@gmail.com (O.N-Dep
AGROTECWIOD (Center for Research in Agrotechnologyl, Av. Rovira Rowre 191, 25198 Lleida, Spain

Institute Macional de Investigacidn v Tecnologia Agraria v Alimentaria {(INLAJ, Clra. de la Corufia Km. 7.5, | | 24 Wh eat "
28040 Madrid, Spain; minieto@inia es o

3

_ = Rainfed
v Correspondence: jaraus@ub.edu; Tel.: +34-608-644-144 . <
- genotypes & DR
Received: 14 March 2019; Accepted: 22 May 200%; Published: 25 May 2009 updates . .
Gracia-Romero, A.; Kefauver, S.C.; Fernandez-Gallego, J.A.; Vergara-Diaz, O.; = Late p|antlng Emanm
Nieto-Taladriz, M.T.; Araus, J.L. UAV and Ground Image-Based Phenotyping: A ——

Proof of Concept with Durum Wheat. Remote Sens. 2019, 11, 1244.
https://doi.org/10.3390/rs11101244
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(<1 m) (50 m)
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. . Faster assessment of
large number of plots
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Development of applications to facilitate the
transfer of information from the platform

MosaicTool ® _ _ _ o
Project ID: 3184730 Semi-automatic segmentation of aerlal_ Images
and to formulate Vs for both RGB, multispectral
= Uav Crop Phenotyping Multispectral Rgb + 2 more and thermal imageS
-0- 28 Commits ¥ 1Branch ¢ 0Tags [ 10.6 MB Files E 10.6 MB Storage
Data extraction and processing workflow for RGB, VNIR and TIR UAV crop phenotyping.
* Dr. Shawn Kefauver Scan the QR to get more info
o Project Principal Investigator, University of Barcelona (B o oot 106.0n S and download “MosaicTool”
* Adrian Gracia-Romero, University of Barcelona MT“‘T‘ B e bepect dbtac ol NGOL IOV Moo ol NORH Tt
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“ Development of applications to facilitate the
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~ Conclusions and take-home messages

= Imaging methodologies play a vital role for the phenotyp_ing
data collection of complex ‘traits related to the growth, yiel
and adaptation to abiotic stress.

= Increasing the throughput capacity of phenotyping platforms is
key for reducing the efforts associated to measuring elevated
numbers of plots in a frequent basis.

= UAVSs present an excellent opportunity to monitor large areas
with high spatial and temporal resolution.
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~ Conclusions and take-home messages

= Advances in remote sensing technologies have enhanced the
phenotyping process through the development of low-cost and
easy-to-handle tools.

= Incorporating 1maging methodologies Into aerial-based
platforms permits to cover larger experimental areas In less
time, minimizing the temporal variation in environmental
variables.
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