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Closing global yield gaps

source: Mueller et al. (2012) Nature Vol. 490



heat wave 2018 (May – July)

https://www.worldweatherattribution.org/attribution-of-the-2018-
heat-in-northern-europe/

temperature precipitation

b c

https://www.worldweatherattribution.org/attribution-of-the-2018-heat-in-northern-europe/


Drought stress – a problem for maize?
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Consequence of drought on important crops

source: Fahad et al. (2017) Frontiers in Plant Science



Extent of drought-induced yield changes depend on

• stress intensity

• stress duration

• the moment of drought stress during the different developmental stages

• how the capacities of sinks and sources for assimilates are affected by 
drought

• the extent to which plants are able to recover from drought (resilience)



water demand per day

https://odells.typepad.com/blog/corn-growth-stages.html

• Veg. growth: emerging (VE), leaf (Vn), tasseling (VT)

• Gen. growth: silking (R1), blister (R2), milk (R3), dough, dent, maturity 
(R6)

water demand of maize in relation to development

source: 
Handbuch Mais, 
2013

demand of 170 – 220 Liter water for 1 kg DM 
production

https://odells.typepad.com/blog/corn-growth-stages.html


https://odells.typepad.com/blog/corn-growth-stages.html

• yield formation: silage maize: % cob:remainder ~50:50

• number of kernel rows/cob

• kernels per row

• ~between 750 and 1000 ovules are developed per cob

• at harvest the kernel no. ~400 and 600 kernels/cob with 14-22 kernel 
rows and 30-50 kernels per row

essential maize growth stages

Presenter
Presentation Notes
one maize plant develops ~1000 spikelets (Ährchen) and ~6000 pollinated antheres (Staubblätter)
Spikelet = Ährchen
anthere

https://odells.typepad.com/blog/corn-growth-stages.html


source: Zegada-Lizarazu et al. (2011) Plant and Soil

ratio: behaviour under drought in relation to 
irrigated treatment
*, † = sign. differences between maize and sorghum (p≤0.05 and p ≤0.1)

Drought initiated 21 DAS
Drought beginning during vegetative growth:
effects on biomass

• 55 DAS: tasseling

• 81 DAS: blister

• 95 DAS: dough



drought at tasseling

source: Anjum et al. (2011) J.Agron.Crop.Sci

factor rows/cob kernel 
no./row

TKM 
[g]

kernels/
cob

harvest 
index [%]

No drought 14.9 ±
0.6 a

35.9 ±
1.0 a

31.2 ±
0.6 a

544.2 ±
3.5 a

54.9 ±
0.9 a

drought 14.2 ±
0.1 a

29.3 ±
1.4 b

25.5 ±
0.3 b

380.1 ±
3.0 b

52.3 ±
0.5 b

yield components of maize with vs. without 
drought stress

chlorophyll-a+b-
content

Leaf-water-content

Presenter
Presentation Notes
Out of the various compounds exploited to alleviate
the moisture stress, the brassinolide (BR) is recognized to
regulate the plant growth and productivity under water-
deficit conditions (Rao et al. 2002; Farooq et al. 2009e).
It has unique growth promoting action when applied exogenously (Baj-
guz 1999). BR stimulates physiological and metabolic pro-
cesses such as photosynthesis (Sairam 1994), nucleic acid,
proline accumulation and protein synthesis (Bajguz
2000). 



No additional water from sowing onwards:
final yield 

source: Teixeira et al. (2014) Field Crops Res.

deep soil with 190 mm water m-1 soil depth
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drought during different stages of development

from Claassen & Shaw, 1970a,b

July Aug      Sep

stalk DM

July



consequences of drought

source: Fahad et al. (2017) Frontiers in Plant Science

• pre-anthesis drought:  shortened vegetative growth (low stalk and leaf dev.)

• post-anthesis drought:  reduced grain filling (sink strength reduced)
• reduced activity of sucrose-synthase, starch-synthase, starch-branching-enzyme & adenosine-

diphosphate-glucose-pyrophosphorylase

Cause analysis of yield losses induced by drought

• leaf-water-potential decreases

• lower stomatal conductance  reduced transpiration

• canopy-temperatures increase

• reduced photosynthesis (PS)

• reduced assimilate availability

• low flagleaf development (50% of yield resources)

• indirect nutrient insufficience + high residual soil N



No additional water from sowing onwards:
N recovery in harvested biomass

source: Teixeira et al. (2014) Field Crops Res.

indicates drought 
stress treatment

low biomass production reduces N uptake and 
increases post-harvest soil N



Irrigation to challenge drought

source: Schittenhelm et al. 2017; adapted from Fereres
& Soriano (2007) and Schneekloth & Andales (2017)

utilized irrigation water or ET (mm)

yi
el

d 
[t 

ha
-1

] losses 
(drainage, 
runoff) 

applied water

ET: evapotranspiration
IW: water effect decreases
IM: yield stagnates 

B     A (high water low yield effect)

A: 
12.000/875 = 13.7 kg 
DM/mm
B:
11.000/650 = 16.9 kg 
DM/mm

IW: 9.000/500 = 18 kg 
DM/mm

IM: 12.000/750 = 16 kg 
DM/mm



Efficient irrigation practice long-known

• deficit irrigation (DI50) and partial-root-drying (PRD50)

source: Kirda et al. 2005

http://www.fao.org/docrep/S8684E/s868
4e04.htm

drain

FULL
DI50
PRD50

+35%+44%

http://www.fao.org/docrep/S8684E/s8684e04.htm


Time point of irrigation

source: Fricke und Riedel 2012
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Genotypic variation of root traits:
deep rooting

source: Ali et al. 2016

Scales!



Screening genotypes

source: Kottmann, 2017
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CWSI – Crop water stress Index

daily CWSI values are provided averaged 
from early pollination to mid-Sep

Abdul-Jabbar et al. 1985; Irmak et al. 2000

max. rooting depth (cm)

C
W

SI



conclusions

• drought stress during transition from vegetative to 
generative growth harmful (tasseling post-silking)

• adaptation by efficient irrigation

• deep rooting associated with higher yields under drought

• root measurements are labor intensive  indirect 
measurements required, i.e. CWSI 



Thank you for your attention!

Dr. Martin Komainda
University of Göttingen, 
Department of Crop Sciences, 
Grassland Science 
martin.komainda@uni-goettingen.de

https://www.vanislewater.com/Understanding-Drought-Levels-and-Water-Restrictions
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The steep, cheap and deep root ideotype

source: Lynch, 2013



GMO

source: Nelson et al. 
2007; PNAS

• results based on transcription factor (ZmNF-YB2)

• GMO maize with increased expression show higher chlorophyll contents, 
stomatal conductance, leaf temperature, reduced wilting and PS maintenance 
under drought



root morphology

source: Lynch et al. 2014



Irrigation effect in maize

source: Schoo et al. 2017

water regime crop yield 
[t DM ha-1]

ET 
[mm]

WUE 
[kg ha-1 mm-1]

TUE 
[kg ha-1 mm-1]

mean
rainfed Cup plant 10.8f 309e 36c 54c

Maize 17.7b 320d 55a 127a
lucerne-grass 12.2e 373c 33d -

irrigated Cup plant 16.1c 542a 30e 39d
Maize 21.7a 481b 45b 91b
lucerne-grass 14.2d 489b 29e -



Reaction towards drought at vegetative growth – effects of 
Genotypes (grain yield, 13% H2O)

source: Rufino et al. 2018

1-10                                          11-20                                     21-30
stage V4                                             V6                                           V8

DAE
dark bars: no drought
light bars: drought
Uppercase letters: Genotypes
Lowercase: water regimes



decreasing precipitation and increasing temperatures

source: Komainda et al. 2017

Four harvest dates (hd) during 
three successive years at two 
sites (OF and SI).
precipitation declined and 
temperatures increased from 
1063, 1125, 1209 °Cd from 2012 
to 2014

 inflexible harvest dates should 
be avoided



Alternatives besides

variety type
silage maize grain maize

water supply
adequate low adequate low

compact 110.000 - 120.000 100.000 100.000 90.000
mid-high 80.000 - 90.000 80.000 80.000 70.000
big 90.000 - 100.000 70.000 70.000 60.000

• sowing density (plants ha-1)

• plastic mulch

• straw mulch

• drip irrigation

• partial-root-drought/alternate root irrigation…



https://www.lto.de/recht/hintergruende/h/internetrecht-2017-big-five-usa-trump-eu-kommission-leistungsschutz-hate-speech-fake-news/

https://www.lto.de/recht/hintergruende/h/internetrecht-2017-big-five-usa-trump-eu-kommission-leistungsschutz-hate-speech-fake-news/


essential component: water

source: Zdeněk et al. 2017 Agric.Water.Manag.

Relationship between actual evapotranspiration totals (ETa) for May-August and 
maize silage yields (average of several hybrids) during 2011 until 2015. 2015 was 
very dry.

site 1

site 2

site 3

site 4



relevant phases of maize development

developmental 
stage

days after 
emergence (DAE) development implication

V3 9 - 12 installation seminal 
root system

resistance of emerging 
seedling

> V3 14 - 21 installation of cobs determination of number 
of kernel rows per cob

V6 21 - 25 nodal root system 
developed

capacity of water and 
nutrient uptake

V12 to V14 42 - 49 number of ovules 
determined number kernels per row

R1 (anthesis) 63 - 68 start of pollination, 
root mass near max fertilization of ovules

developmental 
stage

days after 
emergence (DAE) development implication

V3 9 - 12 installation seminal 
root system

resistance of emerging 
seedling

> V3 14 - 21 installation of cobs determination of number 
of kernel rows per cob

V6 21 - 25 nodal root system 
developed

capacity of water and 
nutrient uptake

V12 to V14 42 - 49 number of ovules 
determined number kernels per row

R1 (anthesis) 63 - 68 start of pollination, 
root mass near max fertilization of ovules



Drought beginning during vegetative growth:
effects on biomass

W: irrigated; D: drought

Drought initiated 21 DAS

ratio of drought/no drought 

tassel            blister               dough stage

source: Zegada-Lizarazu et al. (2011) Plant and Soil



No additional water from sowing onwards:
causes of yield losses

source: Teixeira et al. (2014) Field Crops Res.

Intercepted radiation reduced by 
34%

transpiration reduced by 
79%



Alternatives besides

source: Tolk et al. 1999

• Mulch cover



water demand of maize in relation to development

source: Handbuch Mais, 2013

water demand 170 – 220 Liter water for 1 kg 
DM production

germination            leave dev.          booting                                                                ripeningtasseling + 
anthesis

grain 
filling 

water demand per day



Reaction towards drought at vegetative growth – effects of 
Genotypes (numbers rows per ear)

source: Rufino et al. 2018

dark bars: no drought
light bars: drought
Uppercase letters: Genotypes
Lowercase: water regimes

1-10                                          11-20                                     21-30
stage V4                                             V6                                           V8

DAE



Effects of contrasting roots

source: Leitner et al. 2014



root morphology of maize

source: Lynch, 2015



Future aspects drougth and increased CO2

source: Durand et al. (2017) E.Journal.Agron



Effects of contrasting roots

source: Leitner et al. 2014



Future aspects drougth and increased CO2

source: Durand et al. (2017) E.Journal.Agron



Future aspects drougth and increased CO2

source: Durand et al. (2017) E.Journal.Agron



Effects of contrasting roots

source: Leitner et al. 2014



Effect of irrigation

source: Islam et al., 2012



water demand of maize in relation to the 
development

source: Handbuch Mais, 2013

Water demand per day

low-medium          high       medium-low

irrigation requirement

germination leave dev.           booting tasseling+anthesis grain filling ripening



water demand for yield formation

source: Hernandez et al. 2015 FieldCropsRes.



drought during different stages of development

from Claassen & Shaw, 1970a,b

July Aug
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a problem for maize – were is maize grown?
acreage of silage maize in EU-28

no Sweden



measuring water stress (CSWI)

source: Abdul-Jabbar et al. 1985; Irmak et al. 2000
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CSWI – Crop water stress Index

Maize grown in Antalya (Turkey) daily 
CSWI values are provided averaged from 
early pollination to mid-Sep



Reaction towards drought – absisic acid 
accumulation 

source: Leach et al. (2011) Crop Science
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