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Highligh: The diurnal dynamics of leaf rolling scored visually is strongly related to canopy structure 23 

changes that can be documented using Digital hemispherical photography. Consequences for high-24 
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Abstract 26 

Leaf rolling in maize crops is one of the main plant reactions to water stress that may be visually scored 27 

in the field. However, the leaf scoring did not reach the high-throughput desired by breeders for efficient 28 

phenotyping. This study investigates the relationship between leaf rolling score and the induced canopy 29 

structure changes that may be accessed by high-throughput remote sensing techniques. 30 

Results gathered over a field phenotyping platform run in 2015 and 2016 show that leaf starts to roll for 31 

the water stressed conditions around 9:00 and reaches its maximum around 15:00. Conversely, 32 

genotypes conducted under well watered conditions do not show any significant rolling during the same 33 

day. Leaf level rolling was very strongly correlated to canopy structure changes as described by the 34 

fraction of intercepted radiation ������� derived from digital hemispherical photography. The changes 35 

in ������� were stronly correlated ��� � 0.86,  � 50) to the leaf level rolling visual score. Further, a 36 

very good consistency of the genotype ranking of the������� changes during the day was found 37 

(ρ=0.62). This study demonstrating the strong coordination between leaf level rolling and its impact on 38 

canopy structure changes poses the basis for new high-throughput remote sensing methods to quantify 39 

this water stress trait. 40 
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1 Introduction  117 

Drought is recognized as one of the main factors limiting the production of maize crops (Farhangfar et 118 

al., 2015). Plants have developed several mechanisms to mitigate the impact of environmental stresses 119 

including “leaf rolling”. Under severe stress conditions, leaf lamina rolls transversally to the mid rib. This 120 

mechanism results from a differential top-bottom elastic shrinkage in the leaf cross section (Moulia, 121 

2000). Leaf rolling has thus been related to the water potential in the leaf (Kadioglu et al., 2012) and was 122 

called for this reason hydronastic (Moulia, 2000). For maize, leaf rolling is observed from leaf water 123 

potentials of -1MPa and reaches its maximum around -2MPa (Moulia, 1994). Leaf rolling reaches its 124 

maximum close to solar noon during bright sunny days (Kadioglu and Terzi, 2007) and the top leaves are 125 

generally more affected (Tatar et al., 2010). This occurs when the evaporative demand is no more 126 

balanced by soil water extraction by the root system.  127 

The leaf water potential is mostly controlled by the osmotic component through a range of biochemical 128 

pathways. Leaf rolling has been related to the accumulation of phyto-hormones (Krishna, 2003; 129 

Takahashi and Kakehi, 2010; Talaat and Shawky, 2012). Some of these hormones control stress 130 

responsive gene expression (Divi et al., 2010). Some prominent changes in concentration of organic acids 131 

or ions such as K
+
 and Cl

-
 may also induce leaf rolling as demonstrated by (Saglam et al., 2010). In 132 

addition to the biotic factors described earlier, (Kadioglu et al., 2012) demonstrated that herbivores, 133 

viruses, bacteria and fungi may also induce leaf rolling through other biochemical pathways.  134 

When the leaf is considered as a thin shell that verifies the law of mechanics, the transversal leaf rolling 135 

is coupled with longitudinal changes in the leaf curvature. (Hay et al., 2000; Moulia, 2000). This makes 136 

the leaf stiffer and more erect because the leaf insertion angle is generally closer to the vertical than the 137 

average leaf angle inclination. As a consequence, leaf rolling reduces the leaf surface exposed to sun 138 

light. This potentially decreases both transpiration and photosynthesis at the canopy level (Abd Allah, 139 

2009). However stomata are generally closed under such stress conditions prevailing during leaf rolling, 140 

limiting the exchanges of CO2 and water between the leaf and the atmosphere. Nevertheless, the 141 

boundary layer resistance of the rolled leaves is increased, limiting the leaf transpiration rate (O'Toole et 142 

al., 1979). Another consequence of leaf rolling is to re-orient the normal of leaf surfaces generally away 143 

from the sun direction (Smith, 1997). This reduces the density of photon flux per unit leaf area (Duncan, 144 

1971), limiting leaf overheating and the associated damages of the photosynthetic apparatus (Nar et al., 145 

2009; Sarieva et al., 2010). Leaf re-orientation affects also the fraction of adaxial or abaxial faces exposed 146 

to the incoming light that have distinctive behaviors (Driscoll et al., 2006; Soares et al., 2008) with 147 
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consequences on photosynthetic capacity and possible damages on the photosynthetic machinery. Leaf 148 

rolling contributes thus to maintain the internal plant water status (Subashri, 2009). On a longer time 149 

scale, leaf rolling may be also associated to a decrease in chlorophyll content due to the reduction of leaf 150 

area exposed to the sun as proposed by (Subashri, 2009) although this could also mainly result from a 151 

direct effect of drought on chlorophyll content as reported by (Bolanos and Edmeades, 1996).  152 

Leaf rolling as a consequence of water stress results from a combination of factors including the root 153 

development, the root water extraction efficiency, the adjustment of leaf area index, the canopy 154 

structure differences under non-stressed conditions, the leaf transpiration rate and the sensitivity of the 155 

roll up mechanism to leaf water potential. Although leaf rolling observed at the canopy scale appears to 156 

be a complex trait, it bears key information on the strategy followed by the plants in case of stress 157 

conditions and should be of high value for plant breeders to evaluate genotypes. The genetic diversity in 158 

maize shows a large range of drought tolerance that is exploited by plant breeders (Adebayo and Menkir, 159 

2014). Among several traits, leaf rolling is thus a potential trait that may be used by breeders to evaluate 160 

drought resistance. It was already associated to QTLs in rice (Price et al., 2002) and durum wheat (Peleg 161 

et al., 2009). 162 

Several methods have been proposed to quantify leaf rolling. (Sirault et al., 2015) evaluated the capacity 163 

of leaves to roll up under controlled conditions: leaf strips were immersed in a polyethylene glycol 164 

solution at a range of concentration. After equilibrium was reached, the leaf cross-section was imaged 165 

using micro-photographs. The convex hull of the cross section was finally exploited to quantify the leaf 166 

rolling. Several methods have been also developed to evaluate the actual level of leaf rolling under 167 

natural conditions. (O'Toole et al., 1979) proposed to use a template of schematic transversal leaf 168 

sections (from flat to completely rolled position). This method was applied by (Clarke, 1986) to relate 169 

leaf rolling to leaf water concentration. A similar scoring method based on the ratio of rolled leaf width 170 

to unrolled leaf width (Premachandra et al., 1993) was used to relate leaf rolling to drought tolerance 171 

(Saruhan et al., 2012; Saglam et al., 2014).  172 

All the methods of leaf rolling evaluation formerly listed are relatively low-throughput. They are difficult 173 

to be applied over large phenotyping experiments because of the highly dynamic nature of leaf rolling. 174 

High-throughput leaf rolling methods are thus highly desired for field experiments. This may be 175 

completed by imaging the diurnal changes in canopy structure related to leaf rolling using high-176 

throughput techniques based on UAV observations (Sankaran et al., 2015). The objective of this study is 177 

to quantify the effect of leaf rolling on canopy structure using Digital Hemispherical Photograph (DHP). 178 
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DHP provides a very efficient way to describe several canopy structure variables from the directional gap 179 

fraction Po(θ) (Jonckheere et al., 2004; Weiss et al., 2004b; Lopez-Lozano et al., 2007). A total of 50 180 

maize genotypes with contrasting leaf rolling behavior was studied during two consecutive years. The 181 

diurnal variation of canopy structure of each genotype was documented using DHP measurements 182 

completed several times during the day under severe water stress conditions. The consistency of DHP 183 

measurements with visual scoring of leaf rolling was investigated. A method is then proposed to quantify 184 

the leaf rolling from the DHP. Results are finally discussed on the possible use of UAV observations for 185 

high-throughput leaf rolling characterization. 186 

2 Materials and methods 187 

2.1 The experiment  188 

Two experiments were conducted near Nérac, France (44.17° N, 0.30° E) in 2015 and 2016. The rows 189 

were oriented NW-SW. A total of 800 genotypes of maize were grown in plots made of 2 adjacent rows 190 

with 0.8m spacing by 6 m long (Figure 2). A subsample of 38 genotypes were selected for their large 191 

differences in canopy structure and susceptibility to leaf rolling. In 2015, 30 genotypes were maintained 192 

under severe water stress conditions (WS modality). In 2016 16 genotypes were maintained similarly 193 

under severe water stress conditions (WS modality) while 4 of them were also conducted under well 194 

irrigated conditions (WW modality). Height genotypes were present on both years in the WS modality 195 

while only 2 of them were also sampled in WD modality in 2016 (Table 1). The soil moisture at the field 196 

capacity is 200 mm, with hardly available water (HAW) below 60 mm. In 2015, the soil moisture was 197 

below HAW since the 5
th

 of July for the WS modality, with 25 mm remaining water the 5
th

 of August at 198 

the date of the leaf rolling measurements. In 2016, the soil moisture was below HAW since the 8
th

 of 199 

July, with 35 mm remaining water the 3
rd

 of August at the date of the leaf rolling measurements. 200 

Regarding the soil conditions, the water stress was therefore slightly stronger in 2015 as compared to 201 

2016. The leaf rolling measurements were performed roughly at the female flowering stage known to be 202 

very sensitive to water stress. For both years, measurements were completed under very hot and sunny 203 

days with almost the same illumination conditions (Figure 1). However, the 5
th

 of August 2015 was more 204 

stressful as compared to the 3
rd

 of August 2016, with higher temperatures and much larger vapor 205 

pressure deficit (VPD) as calculated from air temperature and humidity after (Monteith and Unsworth, 206 

2007). 207 
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2.2 Visual scoring of leaf rolling  208 

The leaf rolling was scored by some visual notations from 1 to 9: score 1 corresponds to no leaf rolling 209 

(the cross section of the leaf is almost flat) which observed during early morning or under no water 210 

stress conditions; score of 9 corresponds to the maximum leaf rolling, i.e. when the leaf cross section is 211 

fully rolled. The same operator was scoring the microplots for the two experiments, to limit possible 212 

biases during the day and years. The scoring was repeated approximately every hour from 9:00 to 17:00. 213 

It results in a total of 430 notations. About 15 minutes were necessary to score 30 plots. 214 

2.3 DHP measurements  215 

Upward looking digital hemispherical photographs were taken with a sigma SD-14 equipped with fisheye 216 

lens of 8 mm focal length. The camera was set on automatic exposure. The images are recorded in jpg 217 

with 2640 x 1760 pixels. The optical center and projection function of the camera were calibrated using 218 

the method described in (http://www.avignon.inra.fr/can_eye). Images were repeated approximately 219 

every 1.5 hour during the day from 9:00 to 17:00 resulting in 7 series of 30 (in 2015) or 20 (in 2016) 220 

images. About 30 minutes were necessary to sample 30 plots. 221 

A total of 10 photos were taken on each microplot at each time step in the day to capture the spatial 222 

variability (Weiss et al., 2004a). Photos were distributed over two diagonal segments placed between the 223 

two center rows (Figure 2). A 2m long stick with marked positions was used to indicate the precise 224 

location of the camera for taking each image over a segment. The position of the stick over each 225 

microplot was kept the same across the repeated measurements during the day to provide a high degree 226 

of temporal consistency. The camera was looking upward and always oriented the same with regards to 227 

the row direction. Sampling a microplot with 10 images takes about 1 minute. Note that the 228 

hemispherical images account partly for the neighboring microplots. However, this influence is limited 229 

since images are exploited for zenith angles smaller than 60°. 230 

2.4 Processing the DHP 231 

The 3500 images (50 microplots with 10 images per microplot sampled 7 times during the day) were 232 

processed using the CAN-EYE freeware (www.avignon.inra.fr/can eye). CAN-EYE is a package of Matlab 233 

functions developed to estimate canopy structure characteristics from RGB images (Demarez et al., 234 

2008). Direct exposure of sun over the camera during afternoon measurement induces local artifacts 235 

(see S4 and S7 in Figure 3) that were easy to correct using the versatile color segmentation in CAN-EYE.  236 
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The main output of can-eye is the bidirectional gap fraction ���θ, φ, where 0° 7 θ 7 62.5° and 237 

0° 7 9 7 360°. θ =0° corresponds to the nadir direction and 9=0° corresponds to the row direction. The 238 

zenith and azimuth directions are integrated into 2.5° steps. Zenith angles higher than 62.6° were 239 

discarded due to the large fraction of mixed pixel and the larger contribution of the neighboring plots. 240 

Due to the assumed symmetry along the row direction and across the row directions, the directional gap 241 

fraction values were averaged to provide a representative quadrant, ��;θ, φ�<============ with 0° 7 >� 7 �

�
 : 242 

��;θ, φ�<============ � �

�
?��;θ, φ�< @ ��;θ, 2π ) φ�< @ ��;θ, 2π @ φ�< @ ��;θ, 4π ) φ�<C Equation 1 243 

Several “segmental gap fraction” were computed to investigate the possible correlation with the leaf 244 

rolling score. They correspond to integration over larger solid angles to provide more stable directional 245 

gap fraction values: the hemisphere was divided into three different rings of 20° zenithal sectors: [0°< θ 246 

<20°], [20°< θ <40°], [40°< θ <60°]. Further, each ring was divided into three azimuthal ranges: [0°<  φ�  247 

<30°], corresponding to the row direction, [30°<  φ�  <60°] corresponding to a direction diagonal to the 248 

row direction, and [60°<  φ�  <90°] corresponding to the direction perpendicular to the row. Therefore, a 249 

total of 9 integrated gap fractions were computed. In addition, the fraction of diffuse radiation 250 

intercepted by the canopy, called white sky fIPAR (�������), was also computed: 251 

������� �  ∑ �	
��������������
�/�
�

∑ ����������
�/�
�

  Equation 2 252 

Where ���θ, is the azimuthally averaged value of ���θ, φ,. When evaluating �����
��

, values of ���θ, 253 

for θ E 62.5° were computed assuming a linear interpolation of the term �1 ) ���θ,,GHI�θ,IJ�θ, 254 

between θ � 62.5° when ���62.5°, is measured, and θ � �

�
 for which K1 ) �� ?�

�
CL GHI ?�

�
C IJ ?�

�
C �255 

0.0. 256 

3 Results and Discussion  257 

3.1 Diurnal variation of the leaf rolling visual score 258 

In absence of water stress, leaves keep unrolled as observed in Figure 1 for the 4 genotypes grown under 259 

well irrigated conditions in 2016. Conversely, leaf rolling was observed for all the genotypes subjected to 260 

water stress both in 2015 and 2016. All the genotypes show very similar diurnal patterns of the leaf 261 

rolling score both in 2015 and 2016. The score starts from the minimum value, Score≈1, in the early 262 
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morning (7:30 UT) when no leaf rolling is observed (Figure 4). However, few cultivars show already some 263 

leaf rolling for the first scoring of the day. Then, leaves roll up progressively when the water stress 264 

experienced by the canopy increases as a function of the climatic demand controlled mainly by the 265 

incoming radiation, and the vapor pressure deficit: at 9:00 UT leaf rolling was already observed on many 266 

genotypes on both years, when VPD≈1.5 kPa. Maximum leaf rolling was reached around 15:30 UT with 267 

some significant variation of the magnitude between genotypes. This corresponds to the maximum value 268 

of the VPD during the day (Figure 1). Finally, leaves start to unroll when the climatic demand decreases 269 

significantly. Variability at a given time between genotypes under water stress is maximum when the 270 

rate of increase of leaf rolling score is maximum, around 12:30 UT (Figure 4).  271 

3.2 Diurnal variation of the directional gap fraction 272 

Similarly to the visual score, no clear diurnal variation of the gap fraction is observed over the irrigated 273 

genotypes (Figure 5, red curves on the right). Conversely, the directional gap fraction increases during 274 

the day over the water stressed genotypes both in 2015 and 2016 (Figure 5, black curves). Very similar 275 

patterns to those of leaf rolling scores are observed, with a minimum value in the early morning, and a 276 

maximum value reached around 15:30 UT. This corresponds to the maximum daily temperature and VPD 277 

values (Figure 1). After this maximum value, leaves start to unroll at the end of the afternoon. 278 

The same diurnal pattern is observed for all the directions considered, with mainly changes in minimum 279 

and maximum values (Figure 5). As expected, higher gap fraction values are observed close to nadir and 280 

in the directions parallel to the row. Conversely, the lowest gap fraction values are observed for 281 

directions perpendicular to the row and for the larger zenith angles. If the largest diurnal variation is 282 

observed for the near nadir directions, a very strong consistency is observed between the diurnal 283 

patterns of all the directions considered (Figure 5). 284 

3.3 Impact between leaf level rolling and canopy architecture changes 285 

The leaf level rolling as scored visually was tentatively related to the directional gap fractions measured 286 

with the DHPs that document the corresponding changes in canopy architecture. The fraction of 287 

intercepted radiation under diffuse illumination conditions (�����
��

) was proposed to be used as a 288 

proxy of the canopy structure. This is supported by the very strong consistency between the gap 289 

fractions observed in the different directions (Figure 5). The �����
��

 is computed from the directional 290 

integration of the gap fractions (Equation 2). The integration offers the advantage to smooth out 291 
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uncertainties associated to each directional gap fraction measurements, providing therefore more 292 

robust results. 293 

The visual score corresponding to the unrolled state of the leaf observed in the early morning (before 294 

9:00 UT) were always set to Score≈1 for each genotype (Figure 4). However, at the canopy level, 295 

������� values show significant variability between genotypes when leaf rolling has not yet started 296 

(Figure 6). These differences are explained by genotypic specificities in the canopy architecture due to 297 

differences in the leaf area index and/or in plant morphology. Note that the irrigated modality (WW) in 298 

2016 shows the higher �����
��

 values as compared to the water stress (WS) modalities since drought 299 

already impacted leaf expansion during the weeks preceding the measurements. Similarly, the 2016 300 

water stress was less severe as in 2015, with generally larger �����
��

 values in 2016, in agreement with 301 

the water balance presented previously. Closer inspection of the distribution of the 8 genotypes that are 302 

common between 2015 and 2016 experiments show that the values of the unrolled �����
��

  observed 303 

in 2015 are not correlated with those observed in 2016 (R²=0.07) with a very small spearman correlation 304 

coefficient (ρ²=0.06). 305 

The differences in �����
��

 values in the early morning between genotypes and environmental 306 

conditions induced differences in the �����
��

 values observed during maximum leaf rolling as 307 

demonstrated by Figure 7, left panel (R²=0.50, n=46, correlation significant at α=5%). However, no 308 

significant (α=5%) correlation is observed between the difference ∆�������
��� _����

� ��������M�, )309 

�������
��� _����

 between the unrolled state in the early morning, ��������M�,, and the minimum 310 

�����
��

 value corresponding to maximum leaf rolling in the late afternoon, ∆�������
��� _���� 

 (Figure 7, 311 

right panel). A simple base line normalization is therefore proposed to limit the impact of the genotypic 312 

and environmental differences in the early morning: the �����
��

�M, values observed during the day at 313 

time M are subtracted from the unrolled �����
��

�M0, values observed in the early morning, M�.: 314 

∆������� � ��������M�, ) �M, 315 

The visual scores and the corresponding �����
��

�M, values need to be assigned to the same time 316 

during the day to establish a relationship between them. The visual scores that were more frequently 317 

sampled were thus linearly interpolated at the time of the DHP measurements from which �����
��

�M, 318 

were computed.  319 
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Results (Figure 8) show that the constraint in the early morning between the leaf rolling score 320 

(3GHNO�M�, � 1.0) and the ∆������� values is well verified later in the day when no leaf rolling is 321 

experienced such as for the irrigated modality in 2016. The ∆������� values are strongly and linearly 322 

related to the 3GHNO (Figure 8). A simple linear model verifying the early morning constraint 323 

(3GHNO�M�, � 1.0; ∆��������M�, � 0.0) was fitted to the available data: 324 

�3GHNO�M, ) 1, � 3QHRO · ∆��������M, Equation 3 325 

It provides very good performances (Table 2) for the 2 years under water stress conditions. For the 326 

irrigated modality in 2016, the points are concentrated close to the unrolled leaf situation with 327 

3GHNO�M�, � 1.0  and ∆��������M�, � 0.0. However, a small difference is observed between the two 328 

years, 2016 showing lower sensitivity of the canopy structure (∆�������) to the leaf level rolling 329 

(3GHNO). This difference may partly be attributed to the slightly smaller leaf development of the canopy 330 

in 2016 as observed in Figure 6: when the canopy is less developed, limited absolute effects on canopy 331 

structure are expected. This effect may be accounted for by normalizing the values of ∆������� by the 332 

average ∆������� value observed for the maximum leaf rolling state, ∆�������

��� �!"��
, leading to 333 

propose the TU�� index (Canopy Level Index for Rolling): 334 

TU�� � ∆$%�&'�	�(

∆$%�&'
�	


�� ������ Equation 4 335 

The canopy level leaf rolling index, TU��, is theefore related to the leaf level rolling score according to: 336 

�3GHNO�M, ) 1, � 8 · TU���M, Equation 5 337 

Where ∆�������

��� ���	) � 0.190 and ∆�������

��� ���	* � 0.160. Results (Table 2) show a slight 338 

improvement in the performances of the regression due to the enhanced consistency between years. 339 

3.4 Comparison between genotypes 340 

The comparison of the reaction to water stress between genotypes was completed by considering either 341 

the magnitude of the diurnal variation of leaf rolling or the way it develops, i.e. the dynamics. 342 

3.4.1 Magnitude of leaf rolling 343 

The magnitude of the leaf rolling score was evaluated as max �3GHNO ) 1, over the day for each 344 

microplot. The well-watered modality in 2016 (2016 WW) have a minimal magnitude consistently with 345 

the no leaf rolling experienced. Under water stress conditions, genotypes show important differences 346 
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(Figure 9 left). About half the microplots have a maximum rolling score lower or equal to 6, with few of 347 

them showing only small leaf rolling at the end of the afternoon when it is expected to be maximum. 348 

Year 2016 appears to have generally less leaf rolling in agreement with the previous observations (Figure 349 

4). The 8 genotypes common in 2015 and 2016 show relatively low level of consistency of the ranking 350 

between the 2 years (Figure 10 left). Conversely, a high degree of consistency is observed when using the 351 

CLIR index to quantify leaf rolling at the canopy level (Figure 10 right). The better performances for CLIR 352 

as compared to the leaf Score are mainly explained by the more progressive values of TU�� as observed 353 

on the distribution of values (Figure 9 right) as well as the more objective values provided by the DHP 354 

measurements as compared to the visual scoring. Nevertheless the two quantities are highly correlated 355 

(Table 3) with R²=0.771 and RMSE=1.15. 356 

3.4.2 Diurnal dynamics of the leaf rolling 357 

The effect of leaf rolling at the canopy level was investigated here by transforming the ������� values 358 

into leaf rolling score according to equation 4. The diurnal dynamics of the leaf rolling visual score and 359 

the estimates from the DHP measurements are generally very consistent (Figure 11), confirming the 360 

previous results (Table 1 and Figure 8). The well-watered modality shows no leaf rolling at all along with 361 

no significant changes in the canopy structure during the day (Figure 11).  362 

Although the genotypic variability of the magnitude of rolling at the leaf and canopy levels appears as 363 

one of the main features observed, other traits of the dynamics were further investigated. For this 364 

purpose, both the visual scores at the leaf level and the canopy level TU�� values derived from the DHP 365 

measurements were normalized by their minimum and maximum values observed in the 8:00 to 17:00 366 

time interval over each plot: 367 

�HQQJZ � ����"

��������"
�+,�����"
 Equation 6 368 

�HQQJZ � -.%'

����-.%'
�+,�-.%'
  Equation 7 369 

Emphasis was then put on the period of rapid rolling variation corresponding to the 9:00 to 13:00 time 370 

interval (Figure 11). The very good consistency between both types of measurements is further 371 

demonstrated by Figure 12. The development of leaf and canopy level rolling appears very linear with 372 

time. Two traits characterizing the dynamics were therefore computed for each plot using a robust linear 373 

fit to the available data: the slope ([) and the time at half maximum (M���/�).  374 
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�HQQJZ � 0.5 @ [�M ) M���/�,  Equation 8 375 

Results show that M���/� varies strongly between genotypes and years: 11: 15 7 M���/� 7 12: 45 376 

(Figure 13 left). Earlier M���/� is observed in 2016 as compared to 2015. Consistency between the 8 377 

common genotypes across the 2 years is relatively poor (ρ=0.33, R²=0.49). The slope (α) shows also a 378 

large variability between genotypes and years: 0.1 7%7 0.3 (Figure 13 right and Figure 14 right). The 379 

consistency between the 8 common genotypes among the 2 years for α values is even poorer (ρ=0.29, 380 

R²=0.21) than that of M���/�. Conversely to M���/�, larger values of % are generally observed in 2016 381 

(Figure 13 right and Figure 14 left). A negative correlation links M���/� and α (R²=0.42): since rolling 382 

starts to develop approximately at the same time (between 8:15 to 9:30, Figure 11 and Figure 12), the 383 

value of the half magnitude will be reached for earlier M���/� values. However, the values are much 384 

similar for the 2 years when computing for each plot the absolute value of the rolling development rate: 385 

while the leaf score (% �max�3GHNO, ) min�3GHNO,, shows still some year effect (Figure 14 center), the 386 

canopy level ([�max�TU��, ) min�TU��,, shows marginal effects, particularly for the 8 common 387 

genotypes (Figure 14 right).  388 

 389 

4 Conclusion  390 

This study focuses on leaf rolling in maize crops subjected to water stress. During the 2 year experiments 391 

conducted around the female flowering stage, the soil moisture was below the hardly extractible water 392 

threshold, and high VPD values were observed during the day. As a consequence, leaf rolling was starting 393 

to be significant after 9:00 UT when VPD≈1.5 kPa, reaching its maximum value around 15:30 UT close to 394 

the maximum VPD value of the day. Differences between genotypes and years were mostly related to 395 

the maximum of leaf rolling score observed. Year 2016 was characterized by lower score values in 396 

relation with the smaller water stress level experienced (more water in the soil, lower VPD values) as 397 

compared to year 2015. However, the 8 genotypes sampled on both years show a relatively good 398 

consistency between both years in the ranking of the maximum score values observed (ρ=0.41) which 399 

would indicate some useful degree of heritability. Further works conducted over the ensemble of 400 

microplots of the experiments should be undertaken to confirm the level of heritability of the leaf rolling. 401 

However, scoring the leaf rolling from visual inspection of hundreds of microplots within a limited time 402 

period is not easily feasible because of the highly dynamic character of leaf rolling. Alternative high-403 
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throughput phenotyping methods are thus highly desired. This is the reason why this study investigated 404 

concurrently the impact of leaf rolling on canopy structure that may be accessed with high-throughput 405 

using remote sensing techniques. However, before developing an operational system, we concentrated 406 

on the comparison between leaf level and canopy level rolling features.  407 

Canopy structure changes due to leaf rolling were documented using DHP measurements. More detailed 408 

inspection of the relationship between the changes in the gap fractions derived from DHPs and the leaf 409 

level visual scoring of rolling shows strong correlations for all the directions considered. For this reason, 410 

the white sky FIPAR, _����0�, was proposed as a good proxy of the canopy structure changes induced 411 

by the leaf level rolling: it retains the main changes while smoothing out uncertainties associated with 412 

limited directional sampling of the gap fraction. To compensate for the possible differences of _����0� 413 

between experimental conditions and genotypes in the early morning when no leaf rolling is expected, 414 

the early morning _����0� values were subtracted from the _����0� values measured during the day 415 

to get ∆_����0� . However, the values of ∆_����0� observed around 15:00 UTC when the maximum 416 

leaf rolling is expected may differ from year to year depending on the experimental conditions. This 417 

effect was further accounted for by normalizing ∆_����0� by the mean of maximum values of 418 

∆_����0�  observed during the day across all the micro-plots available. This resulted in the Canopy Level 419 

Index for Rolling (CLIR). The coordination between the rolling of the leaf section and the opening of the 420 

canopy as quantified by CLIR appears very strong and relatively stable across genotypes and the 2 years 421 

investigated. Further, a higher degree of consistency (ρ=0.62) was observed between the ranking of the 422 

maximum CLIR values of 2015 and 2016 years among the 8 genotypes common for the 2 years.  423 

Apart from the magnitude, other features associated to the dynamics were investigated. The time when 424 

half magnitude is reached (M���/�) is not easy to estimate and shows significant variability between 425 

genotypes and years. Year 2016 shows generally earlier M���/� although the water stress was less severe 426 

as compared to that experienced in 2015. Consistency of the ranking between the 8 common genotypes 427 

is poor (ρ=0.33) for M���/�, making it a trait difficult to use for breeding. The rate of development of leaf 428 

rolling at the leaf (score) and canopy levels (CLIR) shows little differences between years, especially for 429 

CLIR that changes with similar paces for the 2 years. Although the genotypic variability is significant, the 430 

consistency of the ranking between the common genotypes for the 2 years is poor both for the rate of 431 

change of the score (ρ=0.21) and for CLIR (ρ=0.10). As a result, the magnitude of the rolling from the 432 

early morning to the maximum rolling value appears to be the main trait that was related to some 433 

genotype features. This should be further investigated on a larger scale to quantify the corresponding 434 
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heritability and possible association with markers in the genome. A high-throughput phenotyping 435 

method should therefore be developed to estimate leaf rolling from canopy level measurements. The 436 

use of UAVs equipped with a multispectral camera would provide a very efficient way to cover a large 437 

experiment within a limited time period. A minimum of two flights will be necessary: one in the early 438 

morning to document the unrolled state, and one in the mid-afternoon to quantify the canopy structure 439 

when leaf rolling is at its maximum. The measurements should be completed in periods when water 440 

stress is already well expressed, and in a day with a high VPD values to maximize plant reactions. The 441 

relation between the data captured by the multispectral camera and the leaf rolling state could be 442 

achieved simply using empirical transfer functions. A representative sample of ground measurements 443 

should therefore be collected concurrently to the flights to calibrate the transfer functions. The 444 

proposed _����0� variable as derived from DHPs according to the methodology presented in this study 445 

would provide an efficient solution. 446 

Although leaf rolling can be quantified both at the leaf and the canopy levels as demonstrated in this 447 

study, differences between genotypes in terms of physiological response to water stress is still a pending 448 

question. The differences between genotypes may relate to variations in soil moisture due to differences 449 

in water consumption or rooting system development and efficiency. It may also relate to the regulation 450 

of stomatal closure, as well as variation in the relation between rolling at the leaf level and leaf water 451 

potential induced by morphological leaf differences. Further, while this study shows that the leaf level 452 

rolling induces canopy level changes relatively stable across genotypes, possible residual genotypic 453 

effects may complicate the interpretation. Detailed studies are therefore required to better understand 454 

the mechanisms that sustain leaf rolling under water stress conditions. 455 
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 553 

Figure 1. diurnal variation of global radiation (Rg), temperature (T) and VPD observed the 5
th

 of August 2015 and the 3
rd

 of 554 

August 2016 in Nérac experiment. 555 
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 557 

Figure 2 : Location of DHP measurements over the 2 rows of a microplot. 558 
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 560 

Figure 3 : DHP images taken at seven different time (S1: morning, S7: late afternoon) at the same location of a microplot. 561 

Images show artifacts for S4 and S5 due to direct sun light. It shows clearly the changes of canopy structure from the morning 562 

to afternoon due to leaf rolling  563 
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 565 

Figure 4 : Diurnal pattern of leaf rolling scores for Water stress modality. In 2015 (left) 30 genotypes; in 2016 (right) 16 566 

genotypes. Box plot representation where the red line is the median, the edges of the box are the 25th and 75th percentiles, 567 

the whiskers extend to the most extreme data points the algorithm considers to be not outliers, and the outliers are plotted 568 

individually as red ‘+’. 569 
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 571 

Figure 5 : Diurnal evolution of the gap fraction values measured for 9 solid angles indicated by the numbers on the left: the 572 

first number if the zenith, the second one is the azimuth. Each curve is the average of the 30 genotypes for 2015, 16 water-573 

stressed genotypes for 2016, and 4 irrigated genotypes for 2016. 574 
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 576 

Figure 6. Distribution of the ������� values observed in the early morning (unrolled state) for all the 50 genotypes 577 

investigated. The values are sorted in ascending order. The colors correspond to the years and modalities. The genotypes 578 

common between years and modalities are indicated above each bar. 579 
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 581 

Figure 7. On the left panel, relationship between the unrolled state ������� observed in the early morning (FIPARWS 582 

unrolled) and the ������� values corresponding to the state with maximum leaf rolling observed in the late afternoon 583 

(FIPARWS rolled). On the right panel, relationship between the unrolled state ������� (FIPARWS unrolled) and the difference 584 

between ������� values observed between early morning and late afternoon (Delta (FIPARWS)). Data corresponding to the 585 

water stress modality (WS, 46 points) in 2015 (green) and 2016 (red). The solid line represents the linear best fit. 586 
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 588 

Figure 8. On the left, relationship between ∆������� and the leaf rolling visual score (Score-1). The solid lines correspond to 589 

the best fit line verifying the constraint ∆������� � � when 	
�� � � (Equation 3) for the 2015 (green) and 2016 (red) 590 

WS modalities. The black dash line corresponds to the best fit over the 370 available points (including the WW modality in 591 

2016). On thr right, relationship between CLIR and the leaf rolling visual score (Score-1). The solid black line corresponds to 592 

Equation 5. 593 
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 595 

Figure 9. On the left, distribution of the maximum value of the leaf rolling visual score(Max(Score-1)) observed over each 596 

microplot during the day. On the right, distribution of the maximum value of ���� observed over each microplot during the 597 

day. The values are sorted in ascending order. The colors correspond to the years and modalities for the 50 microplots. The 598 

genotypes common between years and modalities are indicated above each bar. 599 
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 601 

Figure 10. On the left, comparison between the maximum value of the normalized score (Score-1) observed in 2015 (x axis) 602 

and 2016 (y axis). On the right, comparison between the maximum value of ���� observed in 2015 (x axis) and 2016 (y axis). 603 

The numbers correspond to the genotype identifiant. The solid line is the 1:1 line. The Pearson (R²) and Spearman (ρ²) 604 

coefficients are provided. 605 
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 607 

Figure 11. Diurnal dynamics of the leaf rolling visual scores evaluated at the leaf level (black line), and the score estimated608 

from equation 5 (red line) from canopy level DHP measurements. Top, the 2 center and bottom plots correspond respectively609 

to 2016 WW (4 genotypes), 2016 WS (8 genotypes) and 2015 WS (the same 8 genotypes). Genotype identifiant is given in610 

each subplot. 611 
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 613 

Figure 12. dynamics of the rolling evaluated at the leaf level (�), and the canopy level (�) using Equation  in the 9:00 to 13:00614 

time interval. The solid line corresponds to the best linear robust fit. The 2 top and bottom plots correspond respectively to615 

2016 WS (8 genotypes) and 2015 WS (the same 8 genotypes). Genotype identifiant is given in each subplot. 616 
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 618 

Figure 13. Distribution of the time (����/� in hour) when half the maximum rolling is observed (left) and the slope 619 

corresponding to the rate of change of the rolling from minimum to maximum (α in hour
-1

). The colors correspond to the 620 

years and modalities for the 46 microplots (the WW 2016 plots are obviously not represented here). The genotypes common 621 

between years and modalities are indicated above each bar. 622 
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 624 

Figure 14. Distribution of the slope values for the 8 common genotypes in 2015 or 2016 and for all the genotypes considered 625 

in 2015 (30) and 2016 (16) for the WS modality. Three slopes are displayed: on the left the slope α computed on the 626 

normalized Scores and CLIR data; in the center, the slopes in absolute values of Scores (� �����	
��� � ����	
����); on 627 

the right, the slopes in absolute values of CLIR (����������� � ����������). 628 
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Table 1. Distribution of the 38 genotypes used in 2015 and 2016 for the WS and WD modalities. 630 

Genotypes # WS 2015 WS 2016 WW 2016 Number 

16-37 X 

 

22 

10-15 X 6 

2, 4, 5, 6, 7, 8 X X 6 

0, 1 X X 2 

3, 9 X X X 2 

Total 30 16 4 50 
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Table 2. Characteristics of the models (Equation 3 or Equation 4) used to relate the leaf rolling visual score to the canopy 633 

������� level values. RMSE is expressed in Score units. 
(1)

 It includes also the 2016 WW plots.  634 

Model Sample Nb. points Slope R² RMSE 

 �!"#$%�&� � 1� � !(#)% · ∆+,-./���&� 

2015 WS 210 41.64 0.857 1.05 

2016 WS 128 53.32 0.823 1.17 

All
(1) 

 370 45.04 0.845 1.14 

 �!"#$%�&� � 1� � 8 · 12,/�&� All
(1)

 370 8 0.864 1.05 

�max�!"#$% � 1�� � 8 · max �12,/� All
(1)

 50 8 0.771 1.15 
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