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Higher sowing density of pearl
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water use efficiency in high
evaporative demand seasons
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Introduction: Pearlmillet is themain subsistence crop for smallholder farmers

systemswhere it is grown at low plant density. Intensifying pearl millet

cultivation could boost productivity although it may have trade-offs.

Increasing planting density would indeed increase the leaf area and the

related water budget, whereas a denser canopy could create a more

favorable canopymicroclimate to the benefit of the water use efficiency

(WUE) of the crops. The first aim of this work was to test the yield response

of popular pearlmillet varieties to an increased density and to assess possible

genotypic variation in this response. The second aim was to measure the water

use and the WUE of the crop in different densities.

Method: To this end we designed several field and lysimetric experiments To

increase the robustness of the results, these trials were carried out in India and

Senegal, using two independent sets of genotypes adapted to both sites.

Results: In the field, the higher sowing density significantly increased yield in all

genotypes when trials were carried out in high evaporative demand conditions.

There was no genotype x density interaction in these trials, suggesting no

genotypic variation in the response to density increase. The high-density

treatment also decreased the vapor pressure deficit (VPD) in the canopies,

both in the field and in the lysimeter experiments. In the lysimeter trials,

although the higher density treatment increased water use, the resulting

increase in biomass was proportionally higher, hence increasingWUE of the

crops in all genotypes under high density. The increase in yield under high

density was closely related to the increase in WUE, although this link was more

tight in the high- than in the low evaporative demand seasons. This confirmed a

strong environmental effect on the response to density of all genotypes tested.
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Discussion: Although they did not open a scope for breeding density tolerant

cultivars, these results highlight the possibility to improve pearl millet yield by

increasing the density, targeting specifically areas facing high evaporative

demand.
KEYWORDS

climate change, sustainable intensification, canopy architecture, semi-arid tropics,
vapor pressure deficit
Introduction

Pearl millet is a sustainable crop for the semi-arid tropics

regions (SAT) where it is grown. In the Sahel region, it is a

major staple food and represents the main economic supply for

smallholder farmers. Around 45% of the world production of

pearl millet takes place in Western and Central Africa (WCA)

(FAO, 2017). In India, pearl millet is the fourth most produced

cereal and therefore it also represents a major agronomic

interest in this densely populated region (ICAR, 2020). In

these small-farming areas, pearl millet is traditionally sown

under low to very low density (Bationo et al., 1990). In other

crops like maize, there has been a progressive increase in

sowing density that has contributed to the yield increase of

this crops over the years, although this has never been a specific

breeding target (Mansfield & Mumm, 2014; York et al., 2015;

Di Matteo et al., 2016). In our knowledge, no similar increase in

the density of sowing of pearl millet has taken place, although a

sustainable intensification of this crop is needed to cater for the

increased demand of its grain and fodder, especially in the

current tense situation of world cereal markets. Increasing the

traditional sowing density could be a lever to increasing pearl

millet productivity. Therefore, one hypothesis of this work

is that there is room to increase the productivity of pearl millet

and there may be genotypic variation is the degree of

response to increased sowing density, which could open a

breeding target.

One issue with crop intensification in Sahelian climates is

water scarcity. An expected increase in the leaf area index (LAI)

caused by an increased sowing density would normally increase

plant water requirement. This needs to be assessed and this is

one objective of this work. In addition, the vapor pressure deficit

(VPD) is high in those climates and causes an atmospheric

drought that will become even more acute in future climate

(Kholová et al., 2010; Kholová et al., 2012; Asseng et al., 2015).

This must also be dealt with. There, an increase in density of

planting could bring a benefit. Indeed, the increase in leaf area

index could create a microclimate within the canopy with a

milder VPD, as shown recently in sorghum (Pilloni et al., 2022,
02
under review). This may mechanically increase the water use

efficiency (WUE) of the crops (Fletcher et al., 2008; Grossiord

et al., 2020) a trait of agronomic importance. Water use

efficiency is indeed inversely related to the VPD that the plants

are exposed to (Thomas R. Sinclair et al., 1984; Sinclair et al.,

2005; Vadez et al., 2014), and then is higher at lower VPD’s. Our

hypothesis is that an increase in sowing density would also

increase the WUE of denser canopies, and then partially

compensate for the increased water demand from higher LAI.

The objectives of this study were then to test whether pearl

millet productivity could be increased by increasing its sowing

density, whether there was genetic variation in this response, and

how much this change in crop management could affect water

use and WUE of the crops. To that end, we conducted several

field and lysimeter experiments to quantify yield, water use and

WUE in different cultivars and densities conditions. To increase

the robustness of the results, our hypotheses were tested in two

different locations, i.e. at the ICRISAT site in Patancheru in India

and at the CNRA station in Bambey in Senegal, with two distinct

panels of released cultivars adapted to both sites.
Material and methods

Locations and biological material

Field and lysimeter trials were conducted during the 2017

and 2018 dry seasons and during the 2018 rainy season in India

at the ICRISAT research station (Hyderabad, 17°31’01.3”N 78°

16’33.4”E) and during the 2019 and 2020 rainy seasons and 2021

dry seasons in Senegal at the CNRA research station (Bambey,

14°42’ N; 16° 28’ W). All trials in India, both in the field and in

the lysimeters, were fully irrigated trials. The lysimeter trial in

Senegal was also fully irrigated. The field trials in Senegal were

rainfed but received either supplemental irrigation at sowing or

abundant rainfall to ensure at least 60mm of water were received

every week. Therefore, no water stress was applied in any of

these experiments. Soils at the ICRISAT farm are Alfisol while

those at the Bambey farm are typical Sahelian sandy soil with
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more than 90% sand. The biological material used in this study

consisted in two panels of genotypes. Panel 1 included 20

commercial elite varieties from the ICRISAT-India breeding

program and from private companies, and was tested in India.

Panel 2 included 30 elite varieties from the ICRISAT breeding

program for West Africa along with regional elite lines, and was

tested in Senegal. Temperature, hygrometry, and rainfall was

recorded every day in both ICRISAT and CNRA stations and

used to characterize the seasons of experiment (Figure 1).
Yield assessment in the field

In India, two field trials were carried out in the 2017 and

2018 summer season (February – May) characterized by high

VPD. The field was mechanically tilled and 100 kg/ha DAP was

applied before sowing and 100 kg/ha urea applied 15 days after

sowing. The 20 genotypes from the panel 1 were manually sown

in 8m² (4m long, 2m wide) plots of two different densities. A

low-density treatment (LD) consisted in plot of 4 rows spaced at

60 cm intervals from each other and 15 cm between plants in the

same row, leading to a density of 12 plants/m². High-density

treatment consisted in plots of 8 rows spaced with 30 cm

intervals from each other and 15 cm between plants within the

row and leading to a density of 24 plants/m² (Supplementary

figure 1A). The field trials were fully irrigated and received 40

mm of irrigation every week from sowing to maturity. These

trials followed a fallow period during the previous rainy season.

Grain and vegetative biomass yield were harvested from the

entire micro plot in 2017. A storm in 2018 forced us to harvest
Frontiers in Plant Science 03
soon after flowering, at the very beginning of grain filling. We

measured total aboveground biomass in this case. Samples were

dried 72h in the oven.

In Senegal, field trials were carried out during the 2019 and

2020 rainy seasons (June-September). The trials were rainfed but

received supplemental irrigation if needed to ensure 60mm

water every week to the crop. The field was mechanically tilled

and 150 kg/ha DAP (15-15-15) was applied 10 days after sowing

and 100 kg/ha urea applied 15 days after sowing. The 30

genotypes from the panel 2 were manually sown in three

different densities. A plot consisted in 3.25 m² (1.8m long, 1.8

wide). The standard density treatment (D1) consisted of lines of

pockets, each thinned to three pearl millet plants, separated from

each other by 90 cm in the row and between rows (3.2 plants/

m²). Two increased density treatments were set up, consisting in

adding either one pocket of three plants within the row (D2, 6.4

plants/m²), or both within in the row and between the rows (D3,

12.8 plants/m²) (Supplementary figure 1B). At grain maturity,

panicles were harvested, sun dried and weighed to measure

grain yield.

In both sites, the experimental design was a completely

randomized block design, with density treatment as the main

block and genotypes randomized three and four times in each

main block in Senegal and India respectively.
Measurement of the leaf area index

The leaf area index (LAI) was measured in the 2018 field trial

in India and in the 2020 field trial in Senegal, using a 1-meter
A

B D

C

FIGURE 1

Mean temperature, mean relative humidity, and rainfall recorded at the ICRISAT station (A, B) and at the Bambey (C, D) meteorological station
during the field trials. The arrows in each panel correspond to the sowing and harvest dates in each crop cycle.
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long ceptometer (AccuPAR LP-80, Meter in India and Sun scan

type SS1, Delta-T devices in Senegal) (Francone et al., 2014). The

aim was to compare the soil coverage allowed by the higher

density, putative genotypic differences in LAI, and a possible link

between the LAI and the genotypic response to an increased

density. In both sites, LAI measurements were made at two

dates, around and after canopy closure. In each plot, two

measurements were taken from above the plants to assess the

incident radiation at that particular time. The device was then

placed diagonally on the ground, between two (Senegal) or four

(India) rows according to the treatment and site, and four light

measurements were done in each plot, at different locations of

the plot. The ceptometer measured the amount of

photosynthetically active photon in μmol.s-1.m² -1 and

converted the light quantity into a leaf area index using the

following formula: LAI = ln ( I
Io )=k where I is the incident light

above the canopy Io, the light at ground level and k a crop

extinction equal to 0.6 for pearl millet crops. Measurement was

done at 33 and 40 days after sowing (DAS) in India and at 43 and

63 DAS in Senegal, close to sun zenith time.
Soil core to measure water content

Water content of soil cores were measured at harvest to

assess how the different density treatments had affected water

content in the different layers of the soil profiles. Three and four

micro plots in India and Senegal, respectively, were randomly

selected in the different density treatments. Soil cores of 90 cm

depth were taken in between two rows using a manual auger.

Each core was separated in layers of 30 cm and immediately

weighed. The soil was then stored in metal boxes and put in the

oven for 72h for complete drying. The samples were then re-

weighed. The ratio of fresh weight to dry weight allowed the

calculation of the water content (percentage) of the samples for

each soil horizon studied using the following formula:

soil moisture( % ) = (PH−PS)
PS

∗ 100 as proposed by Anderson &

Ingram (1993).
Water use and WUE measurements in
lysimeter platforms

Three trials were carried out in both Senegal and India on

similar lysimetric platforms. The platforms consisted of PVC

tubes installed side by side in long trenches. The tubes were filled

with soil from the fields adjacent to the platforms (Alfisol in

India, sandy soil in Senegal) (see V. Vadez et al., 2011)for more

details about the process). A pulley system associated with an S-

type load cell (Mettler-Toledo, Geneva, Switzerland) allowed to

weigh regularly each tube individually and to measure the water

use of each plant through mass differences between consecutive

weighing. A replication consisted in a set of four tubes, all being
Frontiers in Plant Science 04
planted with one plant each in the high density treatment,

whereas only two tubes were planted in the low density while

the two others remained empty (Supplementary figure 2). The

empty tubes’ water losses were measured and were integrated in

the total water use of the replication. The cylinders were brought

to field capacity before sowing by watering cylinders abundantly

and letting them drain. After sowing, cylinders received 500mL

on alternate days. Before starting the weighing, cylinders were

again brought to field capacity, and the field capacity weight was

taken as a benchmark for re-watering. At each subsequent

weighing, water was added to each cylinder to reach field

capacity weight minus a buffer of 2 kg to avoid possible

drainage. At harvest, total plant water use was then the sum of

weight difference between the last weight and the initial field

capacity weight plus water added during the period of weighing.

The plants were harvested after a period of growth of 7 to 9

weeks according to the trials and total aboveground biomass was

measured after drying for three days in an oven at 70°C. The

water use efficiency (WUE) was calculated by dividing the total

biomass produced by the total water used, and expressed in g

biomass per liter of water used by the crop (g L-1). The

experimental design was a completely randomized block

design, with density treatment as the main block and

genotypes randomized three and four times in each main

block in Senegal and India respectively. Panel 1 was tested in

two seasons contrasting for the evaporative demand (i.e. dry and

rainy season 2018) in India. Panel 2 was tested during the 2021

post rainy season in Senegal (characterized by a high

evaporative demand).
Canopies vapor pressure
deficit assessment

Vapor pressure deficit (VPD) in the canopies of different

density was measured with temperature and relative humidity

sensors (TinyTag ultra 2, TGU-4500, Gemini Datalogger Ltd,

Chichester, UK), during 15 days of the 2018 high VPD season

lysimeter trial in India and 6 days during the 2020 low VPD

season field trial in Senegal. In India, the sensors were installed at

53 days after sowing (DAS) (corresponding to flowering time in

most of the genotypes) and at 89 DAS in Senegal, corresponding

to the last week before grain maturity. Data was recorded every

30 min from 7am to 7pm. Daily average of the VPD was

calculated according the following formula:

VPD = (100 - %RH x SVP/1000) where SVP (saturated

vapor pressure) is 610.7 x 10(7.5 x T°C)/(273.5+T°C).
Statistical analysis

The statistical analysis (Analysis of variance, t-test, simple

linear regressions) presented in this study was performed using
frontiersin.org
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GraphPad Prism (version 9.4.1 for Windows, GraphPad

Software, San Diego, California USA, www.graphpad.com) and

in R software.
Results

Similar dry seasons in India but
contrasting rainy seasons in Senegal

The 2017 and 2018 dry seasons field trials in India were

carried out under fairly similar conditions, i.e. characterized by

high temperature and low relative humidity with no or very

limited rainfall (3 rainfall days summing 27mm in 2017 and 7

rainfall days summing 17mm and 2018, Figure 1A, B). By

contrast, the two rainy seasons field trials in Senegal were

carried out under different rainfall amount and distribution

during the season. In 2019, it rained on 35 days during the

growing season, for a total of 493 mm (Figure 1C). By contrast,

during the 2020 rainy season, it rained on 42 days for a total

rainfall of 643 mm (Figure 1D). Specifically, during the first 60

days of the crop cycle (before flowering), 2 rainy days only

occurred in 2019 against 14 in 2020 over the same period.

(Figure 1C, D). Relative humidity was also lower by 5% on
Frontiers in Plant Science 05
average of the season and 7% on the 60 first days of the crop

cycle in 2019 compared to 2020. Light intensity, collected in a

nearby weather station 25km apart, was also 10% higher in 2019

than in 2020 during the initial 60 days of the crop (data not

shown). The average of daily VPD in the two lysimeter trials

carried out in 2018 in India (summer and rainy seasons), differed

and were 2.1 kPa and 0.91kPa during the dry and rainy season

respectively (detailed data not shown). The average of daily VPD

in the lysimeter trials carried out in the dry in Senegal was

1.9 kPa
High-density increases the yield
differently across years and locations

The high-density treatment increased yield significantly in

the two field trials carried out in India. The average grain yield

for the 2017 trial was 3.41 ± 0.42 t/ha in low-density and 3.92 ±

0.46 t/ha. (Figure 2A). A two-way ANOVA highlighted a strong

density effect on yield (Wald statistic, p-value=0.0001), a

significant genotypic effect but no genotype-by-density

interaction, indicating that no genotype responded better to

the high-density treatment than another. The same trend was

observed during the 2018 trial where the total aboveground
A B

DC

FIGURE 2

Grain yield under high density (HD) as a function of grain yield under low density (LD) in 2017 (A), total aboveground biomass under high density
(HD) as a function of total aboveground biomass under low density (LD) in 2018 (B) in India (A, B). Grain yield under medium and high density
(D2 and D3) as a function of grain yield under low density (D1, 3.2 plants/m2)) in 2019 (C) and 2020 (D) in Senegal. Data are means of 4
replicated plots in India and 3 replicated plots in Senegal, for each genotype-by-density combination.
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biomass (vegetative biomass + emerging panicles) was used as a

proxy for the yield response. There, aboveground biomass had

an average of 5.74 ± 0.79 t/ha under low-density and 6.84 ± 0.58

t/ha under high density (Figure 2B). Again, a strong density

effect was highlighted (Wald statistic, p-value=0.0001), with a

significant genotypic effect, and again no genotype-by-density

interaction. Genotypic means of yield in both high and low

density treatments are presented in the Supplementary Table 1.

In Senegal, the response of the panel of genotypes tested was

drastically different across the two years, showing a positive yield

response to density in 2019, and a slightly negative one in 2020.

During the 2019 field trial, the grain yield significantly increased

with density and was 1.45 ± 0.68 t/ha in the lowest density D1,

1.55± 0.60t/ha in the intermediate density D2, and 2.10± 0.88 t/ha

in the highest density D3 (Figure 2C). The ANOVA analysis

revealed a strong genotypic effect, explainingmost of the variation,

although the density effect was also highly significant (ANOVA,

Wald statistic, Table 1). No genotype × density interaction was

found in the three-density treatment dataset, although a slight but

significant genotype x density interaction effect (p-value = 0.01)

was found in a two-way ANOVA that was ran with D1 and D3

data from 2019. During the 2020 trial, the grain yield significantly

decreased in the highest density treatment. Average yield data

were the following in the three density conditions: 1.6 ± 0.55 t/ha

in D1, 1.53 ± 0.56 t/ha in D2 and 1.3 ± 0.47 in D3. Analysis of

variance on yield showed a genotypic effect (p-value<0.0001) and

a slight density effect (p-value= 0.046) with no genotype-by-

density interaction effect (Figure 2D). Genotypic means of yield

in the three density treatments are presented in the

Supplementary Table 2.
High-density increases LAI

In the different field trials, the leaf area index measured at

two different times after sowing was always larger under higher
Frontiers in Plant Science 06
density for all genotypes. A two-way ANOVA showed a

significant density effect but no genotype or genotype-by-

density interaction effect in the two dates of measurement

(Figure 3A, B).

In the 2020 field trial in Senegal, LAI measurement made at

43 DAS showed significant differences between different

densities and genotypes while no genotype-by-density

interaction was found. Strong and significant density and

genotypic effect was found for LAI for the two dates of

measurement (ANOVA, p-value<0.0001, Tuckey’s multiple

comparisons test) but no genotype-by-density interaction

(Figure 3C, D). Genotypic values of LAI measured at the

different dates, in the different trials were plotted against the

yield, and did not show any significant relation (data

not shown).
Denser canopies have lower VPD

In both the lysimeter and the field conditions, the high-density

treatment reduced significantly the VPD within the canopies.

Mean VPD during the 15 days of recording in India was 2.86 kPa

in the HD treatment and 3.82 kPa in the LD treatment, i.e. a 0.96

kPa difference on average (paired t-test, p-value<0.0001)

(Figure 4A). In Senegal during the 2020 rainy season, VPD in

the highest density treatment D3 was significantly lower (average

VPD of 1.98 kPa) than in the lowest density treatment D1

(average VPD of 2.99 kPa in the first 4 days of the

measurement) (paired t-test, p-value<0.01) (Figure 4B). VPD

differences were not significant between the two lowest densities

D1 and D2 (Paired t-test, p-value = 0.11). On the days 5 and 6,

ambient VPD dramatically decreased because of rainfall (2.02 kPa

on day 5 and 1.76 kPa on day 6), leading to the loss of the density

effect on the within-canopy VPD as non-significant differences

were recorded for those two particular days, regardless of the

treatments compared (Figure 4B).
TABLE 1 Two way ANOVA table showing significance and Wald statistic for the yield obtained in two different density (HD, LD) in India in 2017
and 2018 and in the three different density (D1, D2, D3) in 2019 and 2020 in Senegal.

Source of Variation Yield 2017 (India) Yield 2018 (India)

Two-way ANOVA Significance Wald statistic Significance Wald statistic

Genotype *** 2.95 ns 1.33

Density **** 26.7 **** 29.36

Genotype x Density ns 0.97 ns 1.01

Source of Variation Yield 2019 (Senegal) Yield 2020 (Senegal)

Two-way ANOVA Significance Wald statistic Significance Wald statistic

Genotype **** 7.8 **** 4.02

Density **** 23.9 * 3.13

Genotype x Density ns 1.3 ns 0.36
*p-value < 0.05, ***p-value < 0.001, ****p-value < 0.0001.
ns, non-significant.
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Higher density increased water use
efficiency in all genotypes

In all trials, the HD treatment increasedWUE significantly. In

the panel 1 in India, average WUE was 1.25 g biomass kg-1 water

transpired in LD and 1.50 g biomass kg-1 water transpired in HD

for the summer season trial (Figure 5A), and 7.80 g biomass kg-1

water transpired in LD and 10.41 g biomass kg-1 water transpired

in HD for the rainy season trial (Figure 5B). However, a two-way

ANOVA showed no significant genetic nor genotype-by-density

interaction effects. Only the density effect was strongly driving the
Frontiers in Plant Science 07
variation (Two-way ANOVA, p-value<0.0001). The same results

were found in the high VPD season trial in Senegal for genotype

panel 2. There, the HD treatment also increased WUE

significantly. The average WUE for LD was 1.32 g biomass kg-1

water transpired versus 2 g biomass kg-1 water transpired for the

HD treatment (Figure 5C). A two-way ANOVA showed a slightly

significant genotypic effect (p-value = 0.02), and a much stronger

density effect (two-way ANOVA, p-value<0.0001), but no

genotype-by-density interaction effect. Density more than

genotype effect drove the WUE variation (Wald statistic values:

Fdensity = 50.9, Fgenotype = 1.7).
A B

FIGURE 4

Vapor pressure deficit (VPD) measured on a 15 days period during vegetative stage in high density (HD) and low density (LD) canopies in the
lysimeter trial in India in the germplasm panel 1 during the dry season (A) and in the 2020 field trial in the three different densities (low (D1, 3.2
plants/m2), intermediate (D2, 6.4 plants/m2), and high (D3, 12.8 plants/m2)) on a 6 days period before harvest in Senegal (B) in the germplasm
panel 2. Each data point is the average of data collected in three plots for each of the densities. ns, non-significant. *p-value < 0.05.
A B DC

FIGURE 3

Leaf area index (LAI) measured at 33 DAS (A) and 40 DAS (B) in the 2018 field trial in India under low density (LD) and high density (HD), and at 43
DAS (C) and 63 DAS (D) in the 2020 field trial in Senegal in the low (D1, 3.2 plants/m2), intermediate (D2, 6.4 plants/m2), and high (D3, 12.8 plants/
m2) density treatments. Data are means and standard deviation of 20 genotypic means in India and 30 genotypic means in Senegal. Genotypic
mean values were the average of 4 replicated plots in India and 3 replicated plots in Senegal, for each genotype-by-density combination. ****,
p-value <0.0001.
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Soil water moisture is higher in the
deepest part of the cores

From the 2018 field trial in India, water content differences

between high and low-density treatments were found for the

cores sampled between 60 and 90cm. Soil moisture in this part of

the profile was 19.57% in HD, higher than the 10.78% moisture

found in the LD treatment (t-test, p-value= 0.02). The upper

parts (0-30 and 30-60cm) showed not significantly difference

between density treatments (Figure 6A). In the 2020 field trial in

Senegal, the soil moisture measured in the first two profiles (i.e.

0-30 an 30-60cm) showed no significant differences between the

three densities. In the deepest part (60-90cm), although
Frontiers in Plant Science 08
differences were not significant, we observe the same tendency as

in the trial in India of a higher soil moisture in the deepest part

and for the highest density (D3) with 7.9% against 5.9% and

5.7% for D1 and D2 respectively (Figure 6B).
Discussion

The main results of the paper were: (i) the higher density

increased biomass and/or grain yield in high VPD seasons; (ii)

there was no or very limited genotype-by-density interaction in the

response to density, indicating no genotypic variation in the

response to density; (iii) The positive response to density was
A B C

FIGURE 5

Water use efficiency (WUE) in grams of biomass per kilograms of water use in the low density (LD) and high density (HD) treatments. WUE was
measured in 20 genotypes in the lysimeter platform in India in 2018 in both the dry (A) and rainy (B) seasons, and in 30 genotypes tested in the
Senegal lysimeter platform during the 2021 post rainy season (C). Data are means and standard deviation of 20 genotypic means in India (A, B)
and 30 genotypic means in Senegal (C). Genotypic mean values were the average of 4 replicated plots in India and 3 replicated plots in Senegal,
for each genotype-by-density combination. ****p-value < 0.0001.
A B

FIGURE 6

Percentage of soil moisture measured in three soil horizon profiles (0-30, 30-60 and 60-90cm) in the two density treatment (low density LD
and high density HD) tested in India (A) and the three different density tested in Senegal (B) (E1, 3.2 plants/m2 - E2, 6.4 plants/m2 – E3, 12.8
plants/m2). Results were obtained through soil cores performed in the field immediately post-harvest. Means are average plus standard deviation
of data collected in three plots for each of the density treatments. ns, non-significant. *p-value < 0.05.
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limited to seasons with no light limitation (iv) Higher density

decreased VPD in the canopy and increased WUE in all cultivars.

The response to higher sowing density in 2017 and 2018 field

trials in India and in the 2019 field trial in Senegal was positive

for a large majority of the genotypes tested. These trials were

conducted during seasons characterized by high evaporative

demand. These results indicate that intensifying pearl millet

productivity should be possible using existing cultivars, and that

this recommendation should target area with expected high

evaporative demand. To our knowledge, this is the first report

of a positive response to density in pearl millet. It is consistent

with the positive response to density found earlier in maize

(Mansfield & Mumm, 2014), or sunflower (Echarte et al., 2020),

where the positive response to increased density was also

associated with a high intercepted radiation.

Although there was a positive response to density, we

showed no genotype-by-density interaction, indicating that

there was no genotypic variation in the degree of response to

density. These results indicated that, at least according to the

response of the 50 cultivars tested in this work, there seemed to

be no avenue to breed for density tolerance in pearl millet. This

contrast with the earlier work in maize where they found

genotypic variation in the response of hybrids to an increased

density (Mansfield & Mumm, 2014). This also contrast with a

recent work in sorghum where the authors found significant

genotype-by-density interaction indicative of genotypic

differences in the response to density (Pilloni et al., 2022,

unpublished). The reasons for this lack of variation is unclear

but could involve architecture traits related to light penetration

in the canopy, as recently shown in maize (Perez et al., 2019). It

could be that the high tillering ability of pearl millet and its

usually narrow and droopy leave pattern may have limited the

genotypic variation for light penetration, at least in the sets of

genotypes that were considered. More work would be needed to

search for genotypic variation in pearl millet for traits that have

been found to influence the response to an increased density in

other crops (Mansfield & Mumm, 2014).

An environmental effect also altered the cultivar response to

density, since the response to density in Senegal was positive in

2019 and negative in 2020. This is consistent with earlier report

stating the importance of environmental conditions in the

choice of an optimal density of planting in other crops (Reddy

et al., 2009; Guzman et al., 2019). Here, the 2020 season largely

differed from 2019 in the number of days of rain that occurred

during the trial, leading to more days with less light available for

the crop in 2020. This was also supported by data collected from

a meteorological station located 25 km south of the CNRA

Bambey station (Roupsard et al., 2018) during 2019 and 2020

where the average radiation during the 2019 crop cycle was 334.3

W.m².s-1 while the 2020 season was characterized by an average

radiation of 304.2 W.m².s-1. This relation between the number of

rainy days and the radiation reaching the ground is also

supported by the literature (Az-Torres, 2017). This limitation
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may explain that plants grown in high density were experiencing

a competition for light as this resource was less abundant in

2020, and would explain the negative effect of higher densities in

that season. Therefore, the results from this work tell us that an

intensification of pearl millet production is possible in Senegal

and in semi-arid regions of India, and that this recommendation

should focus on areas where the evaporative demand is high and

where there is no light limitation.

Our results from the lysimeter also showed the positive

density effect on the water use efficiency in all the three trials.

However, as in the field trials, no genotypes-by-density

interactions were found, except for a slight interaction in the

Senegal trial, indicating that no genotypes had any stronger

WUE response to density than any other did. The lower VPD we

measured within the high density canopy in the lysimeter trials

likely explained the increase in WUE (Ryan et al., 2016; Jauregui

et al., 2018) as there is a negative relationship between WUE and

VPD (Hatfield & Dold, 2019; T. R. Sinclair et al., 1984). The

increase in LAI could explain this lowering of the VPD in the

canopies (Gautier et al., 1999; Hu et al., 2008; Yang et al., 2014).

This would imply that a substantial part of the incident light is

able to penetrate inside the canopy and reaches lower level

leaves. The fact there was no genotypic variation in the WUE

response to density (no genotype-by-density interaction effect)

suggest that light penetration would have been similar in all

cultivars. We may speculate that, if the hypothesis is correct that

light penetration inside the canopy helps decreasing canopy

VPD and increasing WUE, genotypic variation in the response

to sowing density in pearl millet could be found by in cultivars

with canopy architecture differences, using traits identified

earlier in maize as a benchmark (Mansfield and Munns, 2013;

Perez et al., 2019).

The VPD measurement also showed that differences in VPD

occurred only above a certain air VPD threshold. Data from the

field in 2020, suggests a VPD threshold around 2kPa below which

the benefit of high density was lost. Therefore, we propose that in

dry and hot condition with no light limitation, there is a

comparative advantage for the crop to be planted under high

density, which would then create a microclimate with lower VPD

within the canopy that eventually contribute to increasing WUE.

On the contrary, in seasons with lower light availability, leaves

would be competing for light, letting little or no light reach the

depth of the canopy where VPD is milder. These assumptions are

comforted by the fact that an increase in biomass was more

positively related to an increase in WUE during the high VPD

season in India and Senegal than during the low VPD season in

India. Indeed, the ratio of the WUE obtained in HD to the one

obtained in LD plotted against a similar ratio for biomass (these

ratios representing a change in both WUE and biomass caused by

the increase in density) showed a stronger correlation and

significance in the high VPD season (r = 0.84, p-value< 0.0001

in India, r = 0.9, p-value< 0.0001 in Senegal) than in the low VPD

one in India (r = 0.57, p-value< 0.01) (Figure 7). These relations
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are in line with our interpretation that the higherWUEwould also

have more than compensated the higher water demand caused by

the higher LAI. Other report also show an increase in WUE under

higher sowing density (Echarte et al., 2020), although this report

made no interpretation in relation to a possible VPD effect in

these changes. This is also consistent with our soil cores

measurements, both in Senegal and India, where soil moisture

was higher in the 60-90cm layer under high density than under

low density. Milder microclimate and the better WUE in higher

plant stands could have explained part of these differences. While

the higher soil moisture at depth in the high-density treatments

remains in part unexplained, it opens the door for root system

investigation in response to increased density.
Conclusion

This work showed a positive effect of increasing sowing

density on the biomass and grain yield of pearl millet, in different

location and genotypes. The benefit of higher density was
Frontiers in Plant Science 10
maximum when the evaporative demand was high, suggesting

an avenue to avoid atmospheric drought stresses, to the benefit

of the water use efficiency of the crop and then of the yield. The

strong environmental influence on the response of varieties

already in use by farmers suggest the density have to be

adapted according to areas and associated climate.
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FIGURE 7

Correlation between the ratios of the WUE measured under high density to low density (WUE HD/WUE LD) as a function of the ratio of the
biomass measured under high density to low density (Biomass HD/Biomass LD), using the data from the lysimeter trials carried out in India in
2018 and Senegal in 2021. Data shows positive and significant relation in both high VPD seasons in India (r = 0.84, p-value< 0.0001) (A) and
Senegal (r = 0.9, p-value< 0.0001) (B) and also in the low VPD season in India (r = 0.57, p-value< 0.01) (C). Ratios were calculated from the
genotypic means of WUE and biomass in each of the density treatments.
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SUPPLEMENTARY FIGURE 1

Schematic of the sowing pattern in both high and low density in the fields
in India (A) and the three densities in the fields in Senegal (B).

SUPPLEMENTARY FIGURE 2

Schematic of a replication in both high and low density, which consisted

in four tubes in the two lysimetric platform in both India and Senegal (A).
Schematic representing an overview of a lysimetric trial with several

replications set up on the platform (B).
References
Anderson, J. M., and Ingram, J. S. I. (1993). “Tropical soil biology and fertility: A
handbook ofmethods, second edition,” in Tropical soil biology and fertility: A handbook
of methods, 2nd ed. (UK: Department of Plant Sciences University of Oxford).

Asseng, S., Ewert, F., Martre, P., Rötter, R. P., Lobell, D. B., Cammarano, D., et al
(2015). Rising temperatures reduce global wheat production. Nat. Climate Change
5 (2), 143–147. doi: 10.1038/nclimate2470

Az-Torres, D. (2017). Meteorological applications - 2017 - d az-Torres -
assessment of the modulation effect of rainfall on solar radiation.pdf. (UK: Royal
Meteorological Society, Reading).

Bationo, A., Christianson, C. B., and Baethgen, W. E. (1990). Plant density and
nitrogen fertilizer effects on pearl millet production in Niger. Agron. J. 82 (2), 290–
295. doi: 10.2134/agronj1990.00021962008200020023x

Di Matteo, J. A., Ferreyra, J. M., Cerrudo, A. A., Echarte, L., and Andrade, F. H.
(2016). Yield potential and yield stability of Argentine maize hybrids over 45 years
of breeding. Field Crops Res. 197, 107–116. doi: 10.1016/j.fcr.2016.07.023

Echarte, L., Echarte, M. M., Cerrudo, D., Gonzalez, V. H., Alfonso, C., Cambareri,
M., et al. (2020). Sunflower evapotranspiration and water use efficiency in response to
plant density. Crop Sci. 60 (1), 357–366. doi: 10.1002/csc2.20001

FAO (2017) Production quantities of millet by country average 1994 - 2016.
Available at: http://www.fao.org/faostat/en/#data/QC/visualize.

Fletcher, A. L., Sinclair, T. R., and Hartwell, A. J. (2008). Vapor deficit effects on
leaf area expansion and transpiration of soybean subjected to soil drying.
Proceedings 67, 15–20.

Francone, C., Pagani, V., Foi, M., Cappelli, G., and Confalonieri, R. (2014).
Comparison of leaf area index estimates by ceptometer and PocketLAI smart app
in canopies with different structures. Field Crops Res. 155, 38–41. doi: 10.1016/
j.fcr.2013.09.024

Gautier, H., Tchamitchian, M., and Guichard, S. (1999). Effects of decreasing
VPD by misting on leaf area and leaf inclination in tomato and estimation of
consequences on light absorption. Acta Hortic. 507, 77–84. doi: 10.17660/
ActaHortic.1999.507.8

Grossiord, C., Buckley, T. N., Cernusak, L. A., Novick, K. A., Poulter, B.,
Siegwolf, R. T. W., et al. (2020). “Plant responses to rising vapor pressure deficit,” in
New phytologist, vol. 226. (Oxford, UK: Blackwell Publishing Ltd), 1550–1566.
Available at: https://doi.org/10.1111/nph.16485.
Guzman, M., Vilain, L., Rondon, T., and Sanchez, J. (2019). Sowing density
effects in cotton yields and its components. Agronomy 9 (7), 1–9. doi: 10.3390/
agronomy9070349

Hatfield, J. L., and Dold, C. (2019). Water-use efficiency: Advances and
challenges in a changing climate. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00103

Hu, Z., Yu, G., Fu, Y., Sun, X., Li, Y., Shi, P., et al. (2008). Effects of vegetation
control on ecosystem water use efficiency within and among four grassland
ecosystems in China. Global Change Biol. 14 (7), 1609–1619. doi: 10.1111/j.1365-
2486.2008.01582.x

ICAR (2020). All India coordinated research project on pearl millet.

Jauregui, I., Rothwell, S. A., Taylor, S. H., Parry, M. A. J., Carmo-Silva, E., and
Dodd, I. C. (2018). Whole plant chamber to examine sensitivity of cereal gas
exchange to changes in evaporative demand. Plant Methods 14 (1), 1–13.
doi: 10.1186/s13007-018-0357-9
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(2010). Terminal drought-tolerant pearl millet [Pennisetum glaucum (L.) r. br.]
have high leaf ABA and limit transpiration at high vapour pressure deficit. J. Exp.
Bot. 61 (5), 1431–1440. doi: 10.1093/jxb/erq013
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