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S BTN

Abstract: The cultivation of dry-season sorghum on residual moisture in West and Central Africa is
highly affected by sowing dates and ecotypes used. Fifty-five dry-season sorghum ecotypes collected
from three zones in southern Chadian were sown on two dates, early and late, in 2013 and 2014,
in an «-Lattice, and replicated five times to evaluate the effect of sowing date on potential yield,
flowering time, and other agro-morphological traits and to determine their photoperiod sensitivity.
Trials were conducted in the research fields at the Agricultural Research Extension Farm in Youé,
Chad. Year, sowing date, and their interaction significantly affected most of the assessed traits.
Delaying sowing significantly decreased potential yield, duration of vegetative phase, and other agro-
morphological traits, except staygreen. All cultivars were photoperiodic with late sowing requiring a
lower cumulative growing degree unit to flower. The flowering window was not affected by sowing
dates across cultivars; however, the flowering time was affected by a decrease in daylength, but not
low night temperatures. Generally, late sowing decreased potential yield across cultivars. However,
this decrease varied with the region of origin, with seven cultivars having average potential yields at
or above the regional potential yield of 1 t/ha, irrespective of year or sowing dates.

Keywords: dry-season sorghum; photoperiod sensitivity; temperature; daylength; growing degree
units; potential yield

1. Introduction

About half of the world’s food calories are provided by the five major cereal crops, viz.,
wheat, rice, maize, pearl millet, and sorghum [1]. Sorghum (Sorghum bicolor L. Moench)
is a major staple cereal crop in the savannah zone of West and Central Africa, where
it is typically grown under low-input conditions. The cultivation of sorghum in Africa
is predominantly during the rainy season (termed rainy-season sorghum). However, a
significant part is cultivated during the dry season (termed dry-season sorghum) and
plays an important role in West and Central Africa. This dry-season sorghum is usually
sowed in the middle or at the end of the rainy season and the crop is grown on residual
soil moisture [2,3].

In Chad, dry-season sorghum is the third most important cereal crop, both in terms
of area planted and production, and important agronomic and phenotypic diversity exist
in ecotypes used by farmers [2,4]. Dry-season sorghum in Chad is cultivated in the south-
western part, around lakes and flooded areas of three main regions (Mayo Kebbi Est, Mayo
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Kebbi Ouest, and Tandjilé). It is cultivated around Lake Chad in the western part, Lake Fitri
in the central, and the huge, flooded area of the Salamat region in the southeastern part [5].
This cereal crop grows very well on vertisol (30-60% clay), heavy and light alluviums, red,
gray, and yellow loams, and sandy soils and is established in floodplains, wetlands, inland
valleys, and on lake shores [6,7]. Farmers traditionally grow the crop at low plant densities
(10,000 to 14,000 plants/ha) to reduce the risk of water stress [8,9].

Sorghum is a short-day plant, and variation in its response to photoperiod and tem-
peratures makes it adaptable to a wide range of different environments [10]. As one of the
most drought-tolerant crop species, sorghum is an important model system for studying
physiological and molecular mechanisms underlying tolerance to abiotic stresses [11,12].
Temperature and photoperiod are known to interact with genotype and other aspects of
the environment to determine the yield potential of crops by affecting the duration of the
vegetative and reproductive stages of growth [13-15]. Dry-season sorghum is probably
a short-day plant [16,17], and it is characterized as drought tolerant because of its capac-
ity to develop on residual soil [18]. Dry-season sorghum is characterized as a short-day,
low temperature (15-30 °C), and cold night cultivator, grown during the dry and cold
harmattan period [19].

Photoperiod (daylength) sensitivity has been shown to affect the duration of plant’s
vegetative phase based on sowing dates. The duration of the vegetative phase is increased
by daylength <8 h possibly due to trophic (nutritional, assimilation) constraints [20]. Ac-
cording to [21], the relationships between daylength and the duration of the vegetative
phase, which ends with floral initiation, are complex and depend on temperature. Photope-
riod by temperature interactions could affect the estimation of temperature responses [22].
One of the most important factors that play an important part in yield is the optimum
sowing date. Basically, for each product, there is a good planting time which if delayed
can cause yield loss [23]. In fact, optimal regulation of the timing of floral transition is
critically important for reproductive success and crop yield [24]. The dry-season sorghum
in Chad is cultivated in the Sudanese and Sahelian zone, where rainfall ranges between
200 and 1200 mm, and it is difficult to predict the start of effective rains at the beginning of
the cropping season. Dry-season sorghum is known to be transplanted in flood areas after
receding of flood water [25], and a good time to uproot the seedling to be transplanted
is between 30 and 40 days after sowing [2]. One of the main challenges to cultivating
dry-season sorghum is the identification of an optimum sowing date to ensure vigorous
plants for transplanting after flooding. According to [26], sowing time/date is a basic
requirement to yield determination. Early or late sowing of a crop substantially affects
yield and yield components [27].

Studies on how sowing dates will affect dry-season sorghum cultivation in southern
Chad are highly needed to characterize the genotypic response to photoperiod sensitivity
based on the effects of daylength and temperature on crop growth and development. The
current study was conducted to evaluate the effect of sowing date on the duration of the
vegetative phase, biomass, and yield and to characterize the photoperiod sensitivity of
Chadian dry-season sorghum cultivars. We hypothesized that the sowing date would
affect yield and yield components of dry-season sorghum cultivars, and the interaction of
temperature and daylength would affect the duration of the vegetative phase.

2. Materials and Methods
2.1. Plant Material

Fifty-five cultivars of dry-season sorghum from the Bébédjia germplasm were used for
this study. The genotypes in this germplasm were collected in 2012, from villages in three
important zones of production of dry-season sorghum in southern Chad (18 in Moyo Kebbi
East, MKE; 15 in Mayo Kebbi West, MKW; and 22 in Tandjilé, TDJ), with annual rainfall
ranging from 892 mm to 1118 mm (Supplementary Table S1). These materials were collected
by Chadian scientists from the Chadian Institute of Agronomy and Development (ITRAD)
as part of ongoing research projects on dry-season sorghum in the regions around the Chad
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basin. Experiments were conducted at the Agricultural Research Farms of ITRAD, the
National Agricultural Research Unit of Chad following the guidelines set by the Ministry of
Agriculture, for the collection, protection, and use of local and regional plant germplasms
for local and national research and development purposes.

2.2. Experiment Design, Crop Cultivation, and Rainfall

A field study was conducted at the Agricultural Research Farm in Youé (12°24'29" N,
1°21'9.6" E) of the Chadian Institute of Agricultural Research for Development, in Chad,
during the 2013 and 2014 growing seasons. Fifty-five dry-season sorghum accessions
previously described in [2] were sown in an a-Lattice design and replicated five times.
Seeds were manually sown during the peak of the rainy season, usually at the end of
July through September. Seeds were sown on two dates: 30 July and 31 August, and
21 August and 15 September for early and late sowing dates in 2013 and 2014, respectively.
Seedlings were uprooted 30 and 49 days after sowing (at the end of the rainy season) and
transplanted into three rows of 18.0 m length, 1.2 m inter-row spacing, and 0.2 m seedling
spacing (Table 1). Each accession was seeded into a 4.0 m? plot, and standard management
practices were implemented. No fertilizer was applied, and one hand hoeing was enough
to control weeds. The duration of the growing season (in days) for both early and late
planting was longer in 2013 than in 2014 by 30 and 19 days, respectively.

Table 1. Sowing date, transplanting date, harvest date, and duration of the growing season of
dry-season sorghum grown at Youé research farms in Chad in 2013 and 2014.

. . Days before Harvest Duration of
Year Sowing Sowing Date Transplant Date Transplanting Dates Growing Season
2013 Early 30 July 17 September 49 19 February T 203
Late 21 August 5 October 45 27 February 189
2014 Early 31 August 7 October 37 20 February 173
Late 15 September 15 October 30 2 March 170
T indicates the number of days from seeding to harvesting.
Youé lies in Chad’s Sudanese zone, characterized by annual rainfall of 700-1100 mm.
Seasonal rainfall was 927.5 mm in 2013 and 517.2 mm in 2014 (Figure 1). The month of
August had the highest rainfall in both years (238.0 mm in 2013 and 213.5 mm in 2014).
Rainfall ended in October with the lowest amount in both seasons (37.0 mm in 2013 and
4.0 mm in 2014).
250
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Figure 1. Seasonal rainfall in 2013 and 2014 for dry-season sorghum grown at Youé research farms
in Chad.
2.3. Temperature and Daylength Conditions

Temperature and daylength were recorded at an onsite weather station at Youé Ex-
perimental Farm. In addition, temperature and daylength were taken from NASA Power
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Prediction of Worldwide Energy Resources (power.larc.nasa.gov, accessed on 15 March
2023). The seasonal average maximum (Tmax) and minimum (Tp,iy) air temperatures
(Figure 2) were slightly higher in 2013 (36.2 and 23.2 °C) than in 2014 (35.8 and 22.9 °C),
respectively. Average monthly temperatures were lowest during sowing (late July to early
September), which was the peak of the rainy season in both years. The average monthly
Tmax during the interval from transplanting (mid-September to mid-October) to harvest
(mid-February to early March) was higher than the average seasonal Trax in both years.
Monthly rainfalls were the lowest during this interval in both seasons. Likewise, the av-
erage monthly Ty, was the lowest in the harmattan months of December, January, and
February in both years.
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Figure 2. Average seasonal air temperatures (maximum and minimum) in 2013 and 2014 at Youé
research farms in Chad.

Daylength ranged from 7 h 54 min to 11 h 32 min in 2013 and from 8 h 7 min to 10 h
58 min in 2014, with August having the least daylength in both years (Figure 3). Thus,
the photoperiod conditions were similar in both years and never differed by more than
35 min (April) across the year. Day length was lower during planting and transplanting
and increased with crop growth and development in both seasons.
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Figure 3. Average monthly daylength in 2013 and 2014 growing seasons for dry-season sorghum at
Youé research farms in Chad.

2.4. Data Collection

Morphological and phenological traits recorded were quantitative in nature and were
assessed from five plants per plot within each replication of an accession. The traits included
number of days to exertion of flag leaf ligule (NFL) and number of days to flowering (NFW),
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defined as the number of days when 50% of the plants within a row showed ligule of flag
leaf and reached flowers, respectively. Plant height (PHT) was measured at maturity from
the plant base to the tip of the panicle. The stem diameter (SDI) was measured 30 cm from
the plant base. Perultimate leaf length (PSL) was measured from the base of the leaf to its
tip and the perultimate leaf width (PLW) was measured at the widest part of the leaf. The
number of green leaves (NGL; the leaf is considered green if 75% of the leaf area is green)
at harvest was counted to determine the staygreen (STG). The panicle length (PAL) was
measured from the base to the tip of the panicle and panicle width (PAW) was measured at
the widest part of the panicle. At maturity, panicles were harvested and sun- and air-dried
for 10 days. Panicle weight (PWT; the weight of the main stem panicle), panicle grain
weight (PGW; the weight of main panicle grains), hundred grain weight (HGW; the weight
of 100 grains), and potential yield (PY]; the weight of grains per hectare at 14% moisture
content) were determined.

The level of photoperiod sensitivity of all accessions was assessed using the photope-
riod sensitivity index (Kp), based on the decrease in the duration (in days) of the vegetative
phase between the two sowing dates:

«,  NFL1—NFL2
P= "2 —D1

where NFL1 and NFL2 are the duration from sowing to 50% appearance of flag leaf ligule
for the first (early) and the second (late) sowing dates, respectively, and D1 and D2 are the
first (early) and second (late) sowing dates in Julian days [28]. Kp is expected to vary from
0 for photoperiod-insensitive cultivars that do not change the duration of their vegetative
phase with sowing date, to 1.0 for the most strongly photoperiod-sensitive cultivars that
reduce their vegetative phase to the same extent as the delay in sowing, thus keeping the
calendar date of flowering constant.

The timing and duration of each growth stage in a plant requires a specific heat unit
otherwise called the growing degree unit (GDU) which varies with daily temperatures. A
growing degree day is when the average daily temperature is at least one degree above
the base temperature (10 °C in sorghum), below which development stops. Studies have
shown that the cumulative growing degree unit or growing degree days in sorghum varies
with developmental stages [27,29,30] and genetic background [27]. GDU was cumulatively
calculated at flowering for each planting date in both seasons as:

T Tini
GDU — max —2|— min Tbase

where Tmax and Ty are the daily temperature maximum and minimum, respectively, and
Thase is the base temperature for sorghum (10 °C).

2.5. Data Analysis

Data were subjected to analysis of variance in GenStat software version 12.1, using
the general linear model procedure. Planting dates and cultivars were considered as fixed
effects, and years and blocks were treated as random effects in the model. The coefficient
of variation (CV) was estimated to show the extent of variation among each treatment
combination. Repeatability (k%) was calculated for each trial using a formula appropriate
for unbalanced data sets as described in [31].

3. Results
3.1. Analysis of Variance of Dry-Season Sorghum Traits Assessed

The sowing date (S), cultivar (C), year (Y), and their interactive effects were tested
through analysis of variance for the two years (Table 2). Cultivar explained slightly more
variation than year and sowing date. Almost all traits assessed were affected (p < 0.001)
by year, only plant height showed no significant difference (p = 0.96) between the two
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years. Nonetheless, plant height was highly influenced (p < 0.001) by sowing date and
cultivar, likewise by year x sowing date interaction. Potential yield showed high variation
(p < 0.001) in year, sowing date, and sowing date x cultivar interaction; nonetheless, this
variation was slightly significant (p = 0.02) between cultivars. Repeatability estimates (h?)
ranged from 3.33% for days to flowering to 95.7% for panicle length. Most traits had high
h? values greater than 70%, except days to flowering (3.33%), days to the appearance of flag
leaf ligule (5.17%), and steam diameter (8.21%). There was significant variability among
cultivars in all assessed traits, except stem diameter.

Table 2. p-values from ANOVA for assessed traits of 55 Chadian dry-season sorghum as affected by
year (Y), sowing date (S), and the cultivar (C), with mean values plus/minus standard error (SE).

Traits Year (Y) ls)‘;r:g Cultivar (C) Y xS Y x C SxC "2 (%) lfes?
SDI <0.001 *** 0.849 s 09131 0.026* 0.319 1 0.875 1 82 247+13
PWT  <0.001**  <0.001 ** <0.001 0.013 * 0.970 1 <0.001 *** 80.5 575 4 59.0
PHT 0.096 1 <0.001 *** <0.001 *** <0.001 *** 0.286 1 0.187 1 94.8 168 + 24.0
PLW  <0.001 ** 0.196 <0.001 *** 0.457 0.003 ** 0.886 1 81.0 897 + 28
PAW  <0.001**  <0.001 ** <0.001 0.033 * 0.002 ** 0.345 1S 71.8 7.90 + 0.7
PSL <0.001**  <0.001 *** <0.001 *** <0.001 *** 0.582 1 0.305 1 88.4 60 + 6.3
PAL <0.001 *** 0.140 1 <0.001 *** 0.737 1 <0.001**  <0.001 *** 95.7 1857 + 3.7
NIN 0.004 ** <0.001 *** <0.001 *** <0.001 %  <0.001 *** 0.013 * 76.8 12,66 + 2.0
FLL <0.001**  <0.001 *** <0.001 *** <0.001 *** 0.999 1S 0.999 s 52 113 + 4.1
NFW  <0.001**  <0.001 ** <0.001 *** <0.001 *** 0.999 1S 0.999 s 33 117 + 4.1
PGW  <0.001**  <0.001 ** <0.001 0.273 s 0.916 1 <0.001 *+ 82.6 417 + 389
STG 021518 0.341 1 <0.001 *** 0.472 1 0.341 1S 0312718 85.2 55+ 8.7
HGW 0.421 0.032 * <0.001 *** 0.321 1 0.245 1 0.1251s 79 463+ 0.8
PYI <0.001** <0001 *** 0.020 * 0.711 M 0.941 1S <0.001 *++ 81.8 0.86 + 0.1

*, ** *** indicate significance at p < 0.05, p < 0.01, and p < 0.001, respectively; ns indicates no significant difference.
SDI (cm), steam diameter; PWT (g), weight of the main panicle; PHT (cm), plant height; PLW (cm), perultimate
leaf width; PAW (cm), panicle width; PSL (cm), perultimate leaf sheath length; PAL (cm), panicle length; NIN,
number of internodes; FLL (days), days to appearance of flag leaf ligule; NFW (days), number of days to flowering;
PGW (g), weight of grains of the main panicle; HGW (g), hundred grain weight; STG (%), staygreen percent; PYI
(t/ha), potential yield.

Results indicated that the early sowing date (S1) significantly increased growth com-
ponents than the late sowing date (52) in two years of experiment (Table 3). Regarding
the two years of the experiment, though plant height showed no significant difference
(p = 0.096; see Table 2) within accessions, plants were taller in the early sowing date in
both years. Plants from early sowing (181.5 cm) in 2013 were taller than those from early
sowing (172.0 cm) in 2014. Although the late sowing date (15 September) in 2014 was more
delayed than that (21 August) in 2013, late sowing plants were taller (165.6 cm) in 2014
than (154.3 cm) in 2013. Other traits, such as PSL, NIN, PAL, PAW, PWT, PGW, PYI, FLL,
and NFW, were also enhanced by early sowing in both years. On the contrary, staygreen
percent and perultimate leaf width traits showed increased value under late sowing date in
both years. The stem diameter was slightly higher under early sowing than late sowing in
2013, but the reverse was true in 2014.

3.2. Duration of Vegetative Phase

Differences in sowing dates showed variations in the duration of the vegetative phase
(emergence of flag leaf ligule) (Figure 4) in both years. The vegetative phase was lengthened
by early sowing across all varieties in both seasons, more so in 2013 than in 2014. The
duration of the vegetative phase for all cultivars under late sowing was shorter in 2014 than
in 2013. There were cultivar (cv) variations in the lengthening/shortening of the vegetative
phase, and the difference between early versus late sowing was greater in 2014 than in 2013,
irrespective of the cultivar.
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Table 3. Mean values plus/minus standard error (SE) and coefficients of variation for 14 traits
assessed on 55 Chadian dry-season sorghum cultivars sown at different sowing dates (S1, early and
52, late) in the 2013 and 2014 growing seasons at the Youé research farms in Chad.

2013 2014
Traits Mean + SE CvV Mean + SE CvV

S1 S2 S1 S2 S1 S2 S1 S2

PSL (cm) 619 £5.9 522 +£7.96 9.5 15.3 64 +54 6247 5.8 8.5 9.3
PLW (cm) 9.3+0.6 9.5+ 05 5.9 5.7 8.52 + 0.9 8.65 + 0.8 11.2 9.1
PHT (cm) 182 £ 35.8 154 £ 31.5 19.7 20.4 172 £37.9 165.6 £+ 30.9 22.1 18.7
SDI (cm) 26+1.0 24+15 38.2 62.2 24+15 2.5+ 1.36 329 30.4
NIN 12.6 £2.2 114+1.6 17.6 13.9 1392 +£24 127 £ 1.6 17.1 12.6
PAL (cm) 181+14 174 + 6.2 7.8 35.5 195 £ 5.7 193 +54 29.1 28.1
PAW (cm) 84405 744+08 6.2 10.2 795+ 09 73+08 11.4 10.5
FLL (days) 135 + 4.3 120 4.3 3.2 3.6 103 £+ 3.1 96.3 4.6 3.0 4.8
NFW (days) 137 £3.7 123 +£4.7 2.7 3.9 108.6 = 3.7 1019 +£44 3.3 34
PWT (g) 618 +64.4 583 + 54.3 28.2 23.2 624.1 + 68.7 4754 + 58.2 31.8 27.0
PGW (g) 464 + 45.8 425.8 + 36.1 35.7 27.3 4375 £ 56.4 344.1 + 38.9 37.3 31.7
HGW (g) 44 +08 435+0.9 17.1 20.0 4.72 £ 0.9 5.05 + 0.8 18.6 16.4
PYI (t/ha) 09+03 0.85 + 0.2 35.7 27.3 0.88 + 0.3 0.77 £ 0.2 37.3 30.3
STG (%) 52.8 5.9 76.2 = 8.5 11.2 11.2 45.0 =141 47.78 £10.2 31.4 21.4

PSL, perultimate leaf sheath length; PLW, perultimate leaf width; PHT, plant height; SDI, stem diameter; NIN,
number of internodes; PAL, panicle length; PAW, panicle width; FLL, days to appearance of flag leaf ligule; NFW,
number of days to flowering; PWT, weight of the main panicle; PGW, weight of grains of the main panicle; HGW,
hundred grain weight; PYI, potential yield; STG, staygreen percent.
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Figure 4. Duration of vegetative phase as affected by different sowing dates for Chadian dry-season
sorghum accessions, grown at the Youé research farms in Chad in 2013 and 2014.

The photoperiod sensitivity index (Kp) and number of days to 50% appearance of flag
leaf ligule (NFL) varied significantly across years (Table 4). In 2013, variance component
analysis indicated significant (p < 0.0001) main effects of accessions for NFL in both early
(S1) and late (S2) sowing dates but not on Kp (p = 0.013). Likewise, the results of variance
components analysis conducted in 2014 indicated significant accession effects for NFL in
S2 (p < 0.0001), S1 (p = 0.0023), and Kp (p = 0.001). The coefficient of variation was very low
for NFL in both years of the experiment. The coefficient of variation ranged from 3.1 (NFL



Agronomy 2023, 13, 932

8 of 16

Number of Cultivars

[
o

[
E~

[y
N

(o]

(93}

H

N

T

0.00-0.09

in early sowing date) to 19.0 (Kp) in 2013 and from 3.0 (NFL early sowing date) to 52.6 (Kp)
in 2014.

Table 4. Mean values plus/minus standard error of days to appearance of flag leaf ligule and
photoperiod sensitivity index for 55 Chadian dry-season sorghum accessions, under early and late
sowing dates in 2013 and 2014, at the Youé research farms in Chad.

2013 2014
NFL Kp NFL Kp
s1 S2 s1 S2

Minima 127 112 0.29 94 84 0.04
Maximum 142 128 0.95 108 101 0.84
Mean 135 £ 4.2 119 £4.3 072 £0.1 103 £3.0 96 +4.2 043 £0.2
Ccv 31 3.6 19.0 3.0 4.9 *** 52.6 ***
p-values <0.0001 ***  <0.0001 *** 0.013 0.0023 <0.0001 *** 0.001

NFL, days to appearance of flag leaf ligule; Kp, index of photoperiod sensitivity; S1, early sowing date; S2, later
sowing date. *** indicate significance at p < 0.001.

Photoperiod sensitivity index (Kp) varied highly across years (Figure 5). In 2013, most
accessions (41) had Kp values ranging from 0.6 to 0.9. Only a few accessions (8) had Kp
values less than 0.6, and 4 accessions had Kp values close to 1. In 2014, most accessions (43)
had Kp values under 0.6, and only a few accessions (11) had high Kp values ranging from
0.6 to0 0.9.

0.10-0.19 0.20-0.29 0.30-0.39 0.40-0.49 0.50-0.59 0.60-0.69 0.70-0.79 0.80-0.89 0.90-1.00

Kp range

Figure 5. Photoperiod sensitivity index for Chadian dry-season sorghum accessions sown at the Youé
research farms in Chad in 2013 and 2014.

3.3. Flowering Time, Day Length, Temperature, and Growing Degree Units
3.3.1. Flowering Window

In 2013, flowering (50% anthesis) occurred in the month of December (Figure 6). For
the early sowing date, the flowering window was 16 days (6-21 December), and 18 days
(13-30 December) for the late sowing date. For the early sowing date, 24 accessions flow-
ered within the first 7 days (6-12 December), and 20 accessions flowered during the last
7 days (1521 December) of the flowering window. On the other hand, 11 accessions flow-
ered during the first 7 days (13-19 December), and 30 accessions flowered during the last 7
days (24-30 December) for the late sowing date. There were 21 days between early sowing
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and late sowing dates in 2013. However, only a 7- and 9-day difference was observed
between the first and last flowering, respectively, for early versus late sowing dates.

- Flowering 2013
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Figure 6. Histogram of time to 50% flowering for Chadian dry-season sorghum accessions sown
early (blue bars) and late (red bars) in 2013 at the Youé research farms in Chad.

Just as in 2013, flowering in 2014 occurred in the month of December irrespective
of the sowing date (Figure 7). In early sowing, the flowering window was 17 days
(925 December) compared to 18 days (13-30 December) in the late sowing date. Though
there was a 15-day difference between early and late sowing dates, only a 4- and 5-day
difference was observed between the first and last flowering, respectively, for early versus

late sowing dates.

- Flowering 2014
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Figure 7. Histogram of time to 50% flowering for Chadian dry-season sorghum accessions sown
early (blue bars) and late (red bars) in 2013 at the Youé research farms in Chad.

3.3.2. Daylength during Flowering Window

During the flowering window in December, the monthly average of daylength (DL)
ran around 10 and 11 h/day (Figure 8). On December 6, the day of first flowering in the
2013 experiment, daylength was 10.8 h/day, and on December 9, the day of first flowering
in the 2014 experiment, DL was 10.75 h/day. During the first flowering (13 December) of
the second sowing date, DL was 10.5 h/day (2013) and 9.8 h/day (2014).
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Figure 8. Daylength variation during the flowering window in December for Chadian dry-season
sorghum sown at the Youé research farms, Chad, in 2013 and 2014.

During December 2013 and December 2014, the monthly average DL was around
10 and 11 h/day. In 2013, the shorter DL was 2 December (9.5 h/day), followed by
10 December (9.55 h/day), 25 December (9.9 h/day), and for the rest of December it was
more than 10 h/day. In 2014, the shorter daylength was 14 December (9.25 h/day), followed
by 13 December (9.8 h/day), 3 December (9.9 h/day), and for the rest of December DL was
more than 10 h. Thus, during the flowering window, the monthly average DL ran between
10 and 11 h/day.

3.3.3. Average Minimal and Maximal Air Temperature during Flowering Window

During the flowering window in December, the minimal and maximal daily air tem-
peratures varied slightly across the two growing seasons (Figure 9). In December 2013,
the minimal and maximal daily air temperatures ranged from 14.0 to 26.0 °C and from
32.5 to 40.3 °C, respectively. Likewise, in December 2014, daily air temperatures ranged
from 16.5 to 21.6 °C for minimal and from 33.0 to 39.4 °C for maximal.

2013MAX 2013MIN 2014MAX —+—2014MIN
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o
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Figure 9. Daily maximum and minimum air temperatures during the flowering window in December
for Chadian dry-season sorghum sown at the Youé research farms, Chad, in 2013 and 2014.

The first flowering in 2013 occurred on December 6 for the early sowing when the
minimal and maximal daily air temperatures were 20.3 and 39.3 °C, respectively. For the
late sowing, the first flowering occurred on December 13 when the minimal and maximal
daily air temperatures were 19.8 and 33.0 °C, respectively. In the second year of the
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experiment (2014), the first flowering, for the early sowing date, started on December 9
when the minimal and maximal daily air temperatures were 19.7 and 38.6 °C, respectively,
and for the late sowing, the first flowering started on December 13 when the minimal and
maximal daily air temperatures were 21.4 and 37.3 °C, respectively.

3.3.4. Growing Degree Units for Flowering Window

The mean cumulative growing degree units (cGDUs) during the flowering window
varied between sowing dates and years (Table 5). Regardless of years, the mean cGDUs
of earlier sowing dates were higher than those for late sowing dates. Comparatively, the
mean cGDUs during the flowering window for both sowing dates in 2013 were higher
than those in 2014. Early sowing in 2013 needed the highest cGDUs (2468) for flowering.
Late sowing in 2014 needed the lowest cGDUs (1935) to flower in both years. The earliest
flowering occurred during late sowing in 2014 (1717 cGDUs), whereas the latest flowering
was during early sowing in 2013 (2576).

Table 5. Minima, maxima, and mean cumulative growing degree units, cGDUs, during the flowering
window for Chadian dry-season sorghum sown early and late at the Youé research farms, Chad, in
2013 and 2014.

Year Sowing Date Minima Maxima Mean + SE Ccv
2013 Early 2352 2576 2468 £ 62 2.51
Late 2132 2423 2301 £ 83 3.60

2014 Early 1872 2144 2044 + 64 3.11
Late 1717 2012 1935 £ 78 4.02

Mean + SE 2018 £ 52 2289 + 61 2187 £ 67 3.31

3.4. Regional Potential Yields and Sowing Dates

The average potential yield (t/ha at 14% moisture content) was significantly affected
(p < 0.05) by sowing dates irrespective of years and regions of cultivar collection (Table 6).
Mean potential yields were higher in 2013 than in 2014 irrespective of sowing dates.
Analysis of variance of regional average potential yield showed significant differences
among cultivars from Tandjilé (T]) for early sowing dates in 2013 and 2014 and late sowing
dates in 2013. Cultivars from Mayo Kebbi East (MKE) showed significant potential yield
difference only during early sowing in both years, whereas no such difference in potential
yield was observed among cultivars from Mayo Kebbi West (MKW) irrespective of sowing
dates in both years. The coefficient of variation for accession based on their origin and
clustered sowing dates showed high values ranging from 16.6% to 49.31%, indicating the
variation for the mean value of accessions belonging to the same origin.

Table 6. Variations of mean potential yield (t/ha at 14% moisture content) of Chadian dry-season
sorghum from three regions sown early and late at the Youé research farms, Chad, in 2013 and 2014.

2013 2014

Region SD Min. Max. Mean £ SE CV  p-Value Min. Max. Mean + SE CV  p-Value

TJ Early 038 158 093+029 308 0.0019 0.32 1.68 0.84+041 493 0.0001
Late 034 145 0.82+025 309 0.0011 0.12 0.90 055+018 322 03678™

MKE Early 0.63  1.58 0.96 £0.31  31.8 0.0001 0.53 1.48 090£0.27  29.6 0.0136
Late 062 122 0.84+014 166 02415™ 0.40 1.00 073+017 226 03371"™
MKW Early 028 153 092+040 432 0.0846™ 0.34 1.36 0.86+£029 333 0.0520™
Late 015 150 0.84£036 426 0.2198™ 0.36 1.12 0.84+023 274 0.0651™

Mean £ SE  Early 043  1.56 094+032 339 0.0001 0.40 1.52 0.86 £0.33  38.6 0.0001

Late 037 139 0.83+025 302 0.0012 0.29 1.04 0.69+022 322 0.0023

SD, sowing date; Min., minima; Max., maxima; CV, coefficient of variation; SE, standard error of mean. ns indicates
no significant difference.
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Late sowing decreased the average potential yield in both years. The regional mean
potential yield across both years ranged from 0.55 t/ha to 0.96 t/ha for late-sown accessions
from TJ in 2014 to early-sown accessions from MKE in 2013, respectively. The highest
potential yield (1.68 t/ha) was recorded in accessions from TJ, sown early in 2014. Con-
trariwise, the highest potential yield in MKE (1.58 t/ha) and MKW (1.53 t/ha) accessions
was recorded from early sowing in 2013. The lowest potential yield (0.12 t/ha) was also
observed in T] accessions, sown late in 2014. The lowest potential yield (0.40 t/ha) for
MKE accessions was recorded from late sowing in 2014, while the lowest potential yield
(0.15 t/ha) in MKW accessions was recorded from late sowing in 2013. Cultivars #4 (Farine),
#16 (Gogmi, red flour), #19 (Gogoumi, white flour), #36 (Glinding), #39 (Donglon rouge),
#44 (Vounging Membou), and #51 (Dalassi) ranked top with average potential yield across
sowing dates in both years greater than 1.0 t/ha (Supplementary Table S1).

4. Discussion

The primary objective of the current study was to assess the effect of planting date
on variability in average grain potential yield, duration of vegetative phase, and biomass
production, especially regarding temperature and daylength, for photoperiodic dry-season
sorghum cultivars in southeastern Chad. Knowledge of this variability could be helpful in
determining the most suitable planting date(s) for dry-season sorghum cultivars in Chad.

The results of analysis of variance data showed that there was a statistically signifi-
cant effect on all accessed traits by sowing date and year, at a 1% probability level. The
repeatability obtained for all assessed traits was generally high, and according to [32],
high repeatability indicates the statistical relevance of this dataset and the quality of the
data obtained from the two-year experiments. The results indicated that the early sowing
date significantly increased all assessed growth components (except staygreen) than the
late sowing date in two years of experiment. According to [33], the number of organs
produced by sweet sorghum plants was significantly influenced by sowing dates. The same
result was found by many authors about rained grain sorghum [34,35], sweet sorghum [36],
strawberry [37], and cowpea [38].

The vegetative phase was lengthened by early sowing, and for the same variety, a
difference of more than 40 days was observed in the duration of the vegetative phase. When
practicing early sowing, the duration of the vegetative phase was longer for the accessions
with higher photoperiod sensitivity, which according to [33] produced more organs. On
the other hand, ref. [16] stated that the vegetative duration of sorghum becomes shorter as
the sowing date is moved later into the year.

Photoperiod sensitivity remains an important characteristic for the adaptation of
African sorghum landraces to the climatic resources of their environment [39]. The study
showed that the photoperiod sensitivity index varied significantly across years and sowing
dates. In 2013, 77% of accessions showed high photoperiod sensitivity, with Kp ranging
from 0.6 to 0.9, and four accessions had Kp value close to 1. In 2014, most accessions (79%)
showed low photoperiod sensitivity (Kp values under 0.6), and only 20% of accessions had
high photoperiod sensitivity index (Kp values ranged from 0.6 to 0.9). This different reaction
of photoperiod sensitivity for the same cultivars in 2013 and 2014 could be explained by the
duration between early and late sowing dates in the two years. In fact, the early and late
sowing dates had a 3-week span in 2013, compared to a 2-week span in 2014. Moreover,
the respective early and late sowing dates in 2013 (30 July and 21 August) were earlier
than in 2014 (31 August and 15 September), and the results showed that the flowering
window was similar, occurring in December in both years. The flowering dates for early
and late sowing dates across both years were nearly identical. In fact, all assessed cultivars
irrespective of the sowing date flowered between 6 and 30 December. In a situation of
decreasing daylength, dry-season sorghum flowered at approximately the same period
irrespective of the sowing date [17]. However, this varies according to the extent of flood
and period of the water withdrawal.
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In December, daylength varied from 9.5 to 11.1 h/day, and ranged from 9.3 to 11.0 h/day,
in 2013 and 2014, respectively. In 2013, the first flowering started on 6 December, when
daylength was 10.8 h/day, and the 2 days prior first flowering (4 and 5 December) had
daylength of 10.9 and 11 h/day, respectively. Likewise, in 2014, the first flowering occurred on
9 December, with daylength of 10.75 h/day. Daylength was 10.95 and 11 h/day 2 days prior
to the first flowering, 7 and 8 December, respectively, in 2014. Thus, the dry-season sorghum
cultivars assessed seemed to have a daylength threshold for flowering initiation between
10.75 and 10.8 h/day. According to [40], when the daylength becomes short (<12 h/day), the
sorghum plant differentiates from vegetative to reproductive growth. In the current study,
flowering occurred in December, when the critical photoperiod decreased to 10.5 h/day.
According to [18], all dry-season sorghum cultivars are most probably short-day photope-
riodic plants. According to [20], the effects of daylength as follows: the duration of the
vegetative phase is increased by daylength <8 h/day, possibly due to trophic (nutritional,
assimilation) constraints.

According to [41], the date of flowering is mainly controlled by temperature and
photoperiod and is therefore only affected by water deficit through increased canopy tem-
perature and was linked to stomatal closure. In the current study, during the flowering
window in December, maximal air temperature varied from 32.5 to 40.3 °C, with an average
of 37.0 °C and 33 to 39.4 °C with an average of 36.8 °C in 2013 and 2014, respectively. The
minimal air temperature in December 2013 varied from 14.1 to 26.3 °C, with an average of
20.2 °C, and in December 2014, it varied from 16.5 to 21.4 °C, with an average of 19.3 °C.
Flowering time and physiological maturity are characteristics controlled by the genetic
makeup of the plant and other environmental factors, especially temperatures [42]. The
mean optimum temperature range for sorghum is 25-28 °C for reproductive growth [43].
According to [18], another originality suspected of dry-season sorghum is their low sen-
sibility to low night air temperatures, which explains their ability to grow and fruit in
the middle of the cold dry season, unlike rainy sorghum. Although cold temperatures
late in the season have been shown to reduce grain sorghum yield by directly affecting
reproductive processes [44], this does not seem to be the case in dry-season sorghum.

Cumulative growing degree units (cGDUs) are a measure of the accumulation of
threshold heat units for plant growth and are used to predict plant development and
vary with daily temperatures [30]. This study showed that the cGDUs required for flow-
ering in dry-season sorghum differed between early- and late-maturing cultivars and
varied according to the sowing date. To reach flowering following early sowing, slightly
>2500 cGDUs had accumulated for the late-maturing cultivars, compared to <2400 cGDU
for the early-maturing group. However, following late sowing, flowering occurred at about
2000 ¢cGDUs accumulation for late-maturing cultivars and between 1700 and 1800 cGDUs
for early-maturing cultivars. This study showed higher cGDUs compared with [27], which
found that flowering for early planted non-photosensitive grain sorghum occurred at
1491-1728 cGDUs. The exact timing between sorghum growth stages can vary depending
on sorghum products [45], plant population, sowing dates, and environmental and the
growing conditions of the production region [27].

The study showed that the average potential yield was increased by early sowing date,
and this varied among cultivars, sowing dates, and year of the experiment. However, the
average potential grain yield did not significantly differ among cultivars from the same
origin. The average potential yields were 0.94 and 0.86 t/ha, and 0.83 and 0.69 t/ha for early
and late sowing in 2013 and 2014, respectively. A previous study on dry-season sorghum
found that the yield is usually low from 0.3 to 0.8 t/ha depending on the season and cultivar
used [46]. Studies conducted in northern Cameroon observed that delayed transplanting
of dry-season sorghum caused yield reduction [47]. A study [48] on the different effects of
planting dates showed that delayed planting caused a significant decrease in grain yield.
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5. Conclusions

Dry-season sorghum being the third most important cereal crop grown in Chad, the
current study showed that there was phenotypic variability for the agro-morphological
traits assessed in the panel of dry-season sorghum ecotypes collected from different villages
in the three important zones of production in southern Chad. These differences were
significantly highlighted when the crop was sown early than when sown late. Potential
grain yield, duration of vegetative phase, and biomass were negatively affected by the late
sowing date, whereas the other agronomic and phenotypic traits assessed, except staygreen,
were enhanced by early sowing. Though all ecotypes were photoperiodic, the sowing date
did not affect the flowering window. However, flowering time was affected by a decrease in
daylength but not by low night temperatures. Ecotypes #4 (Farine), #16 (Gogmi, red flour),
#19 (Gogoumi, white flour), #36 (Glinding), #39 (Donglon rouge), #44 (Vounging Membou),
and #51 (Dalassi) ranked top with average potential yield across sowing dates in both years
greater than the regional potential yield of 1.0 t/ha. In addition to being comparatively high
potential yielders, Farine, Gogoumi, and Vounging also exhibited reasonable staygreen
potential in both years, making them viable candidates for breeding to improve dry-season
sorghum potential yield under the semi-arid regions of southern Chad and other regions in
West and Central Africa.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /agronomy13030932/s1, Table S1: Cultivars number and name,
region and village of origin, rainfall (mm/10 years), and potential yield (PY; t/ha) of Chadian
dry-season sorghum sown early (S1) and late (S2) at the Youé research farms, Chad, in 2013 and 2014.
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