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Improving the climate resilience of crops is particularly important in the semi-arid tropics (SAT) where
variability and uncertainty of precipitation is expected to increase under climate change with detrimental
impacts on the vulnerability of livelihoods of small farm holders. This study analyses a long-term strate-
gic experiment datasets from fifteen experiments (1981-1995) managed under different fertility levels
at International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru and on-farm
balanced nutrition management trials (2010-2012) in Karnataka, India to evaluate the pearl millet per-
formance in contrasting seasons with improved agronomic management. Long-term climate variability
and yield trends were analyzed using ICRISAT’s weather datasets. On-farm data analysis revealed that
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Resilience
Rainfed agriculture majority of farmers’ field soils were deficient in organic carbon, available phosphorous, sulphur, zinc and
Fertilizer boron at all the locations studied. Pearl millet grain yield and above ground dry matter was improved

significantly with balanced nutrient application (NPK+S+Zn +B) in farmers’ field which were critically
deficient in the soil nutrients. Even in comparatively drier years, application of balanced nutrient sig-
nificantly increased grain yield and aboveground dry matter which provides resilience against drought
through enhanced water productivity. Long-term experiments conducted in ICRISAT showed that nitro-
gen application increased grain yield and above ground dry matter in pearl millet however seasonal
variability had a greater effect on yield than cultivars and applied N. Pearl millet yield was positively
associated with August maximum temperature and negatively with seasonal precipitation. September
precipitation >125 mm which coincided with grain filling stage reduced grain yield. Benefit:cost analysis
showed that balanced nutrient application of pearl millet is an economically sustainable option across the
seasons. Pearl millet can be an important component of climate resilient agriculture in low production
environments when managed with improved agronomic practices.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction because of its suitability to the extreme limits of hot and dry cli-

mate.

Pearl millet (Pennisetum glaucum L.) is most widely grown type
of millet and an important food and forage crop in Africa and Asia.
Pearl millet has an ability to offset the effects of severe water and
nutrient stress firstly by being able to withstand high temperatures
(Ong, 1983) and by having sensitive and adaptive tillering capabil-
ity (Ong and Monteith, 1985; Singh et al., 1998). The tillering ability
can effectively restart growth after long periods of drought by pro-
ducing new tillers which can at least mature to harvestable grain.
Therefore, pearl millet is traditionally a component of the dryland
systems grown on marginal soils which receive 150-750 mm of
precipitation per year. Its importance is expected to increase under
climate change scenarios for developing resilient cropping systems
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Pearl millet has genetic variability for various morphological
traits, yield components, adaptation and quality traits from the
local landraces to hybrids that offer a wide range in plant-type
from low- to high-tillering habit to early- and medium-duration
cultivars (Bidinger et al., 1994). It is believed that hybrids require
more N fertilizer compared to local landraces because their yields
are generally higher (Joshi and Kalla, 1986). However, the response
of different varieties to N fertilizer is variable over the years as
grain yields may increase or decrease (O’Leary et al., 2008). And
also crop responses to N depend on many factors, but particu-
larly on yield potential and availability of residual soil N, water
and other nutrients (S, Zn, B). Therefore response of pearl millet for
grain varies widely among N studies with optimum rates from 0
to greater than 150kgha~! N (Gascho et al., 1995). It is claimed
that the high-yielding varieties and hybrids use nitrogen more
efficiently (Wani et al., 1990). Based on the response to nitrogen
application, it is estimated that for every 1 kg N applied, the hybrids
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or improved varieties return 10-15 kg of grain at 30-60kgha1 N
(Maman et al., 1999). However, 40 kg ha—! N was found to be prof-
itable for most of the pearl millet growing regions, but higher
nitrogen levels (60-80kgha~!) are recommended in areas with
assured precipitation such as Gujarat and Uttar Pradesh. Much less
is known, however concerning the effects on nitrogen use efficiency
(NUE) and its components in pearl millet. Genotypic differences
in N uptake and utilization have been found in many cereals e.g.
wheat (Cox et al.,, 1985; Gooding et al., 2012a), corn (Chevalier
and Schrader, 1977), and sorghum (Maranville et al., 1980). There
is clear requirement to understand and harness genetic effects to
improve NUE in pearl millet especially in SAT areas where farmers
are resource poor and fertilizer availability is a concern. Genotypic
diversity for grain yield and nitrogen use efficiency in pearl millet
have been reported by Wani et al. (1990). However, contribution of
uptake and utilization efficiency to overall nitrogen use efficiency
have not been reported earlier.

A large yield gap exist between farmers practice and attain-
able yield of crops in SAT because of inappropriate crop, soil and
water management at farm level, combined with persistent land
degradation. Crop yields in SAT are sub-optimal and 5 folds lower
than researchers field (Wani et al., 2009) because high spatial and
temporal precipitation variability is coupled with poor nutrient
status in the soils (Wani et al., 2009, 2011, 2012; Saharawat and
Wani, 2013). Pearl millet is grown in such soils, generally without
the application of fertilizer N and micronutrients. However little
attention has been paid to importance of soil test based balanced
nutrition (NPK+S+Zn+B) of pearl millet in SAT. Plant nutrients
have interdependent metabolism within the plant system; uptake
of nutrients is affected even if one nutrient is limiting. Nitrogen
assimilation is affected with sulphur deficiency (Zhao et al., 1999)
and S application is necessary to achieve maximum efficiency of
applied N fertilizers (Fazli et al., 2008). Proper N fertilization and
Zn application also has positive effect on grain Zn concentration
(Gooding et al., 2012b; Cakmak et al., 2010) whereas excessive
phosphorous interferes with Zn uptake and induces Zn deficiency
(Mousavi, 2011). Phosphorous application can improve water use
efficiency of crops under limited moisture conditions (Pyne et al.,
1992). It is now well documented that wide range of SAT soils
are deficient in micronutrients (Sahrawat et al., 2013) therefore
it is important to promote soil test based nutrient management
for judicious use of resources and to enhance fertilizer use effi-
ciency.

As the frequency of extreme climatic events has increased (IPCC,
2007), it is important to evaluate the crops for their resilience
against fragile environments as well as sustaining yields and
soil fertility with better water and nutrient management. Long-
term experiments in ICRISAT reveal that with appropriate land,
water and nutrient management crop productivity increase as
well soil quality improves along with increased Carbon seques-
tration of 330kgChaTyear~! (Wani et al, 2009). Here, the
purpose of balanced nutrient management in farmers’ field is
to harness the attainable yield potential of crops, reduce the
injudicious use of fertilizers leading to environmental and soil
degradation and improving livelihoods. Therefore, the objectives
of this study were to compare the performance of pearl mil-
let with balanced nutrition management against current farmers
practice in contrasting seasons. Secondly, a meta-analysis of fif-
teen years unpublished data (ICRISAT) for four pearl millet cultivars
to determine the response of genotypes to N fertilizer rates and
quantify the effect of seasonal variations on pearl millet yield.
The overall aim of this paper is to evaluate the effect of balanced
nutrient management to bridge the existing yield gaps through
enhanced productivity on farmers’ fields and explore the possi-
bility of genotypic variability for nitrogen use efficiency in pearl
millet.

2. Materials and methods
2.1. On-station trial

2.1.1. Crop husbandry and experimental design

Fifteen field experiments conducted between 1981 and 1995
compared the performance of four genotypes of Pearl millet under
different fertility regimes. All experiments were conducted on the
same site at the ICRISAT centre, Patancheru (near Hyderabad), India
(17.5N, 78.5E, 545 m altitude) on an Alfisol which are characterized
by N and P deficiency, coupled with low organic matter. Before ini-
tiating the experiment soil (0-500 mm) was tested for soil textural,
chemical and water retention properties (Table 1). The experi-
ment was a split plot design with four replications; genotypes as
main plot and N fertilizer levels as sub plots. Fertilizer treatments
included: no N application, 20kgNha~! as urea+9kgP,05 ha~! as
single super phosphate, 40 kg N ha—! + 18 kg P,05 ha—! were broad-
casted as basal dressings. Untreated seeds were drilled on a single
day within each year between end of June to first fortnight of July at
a depth of 50 mm, with a row spacing of 0.75 m and plant spacing
of 0.1 m. Weeding and intercultural operations were undertaken
as and when required. Crop was harvested in the last week of
September. Weather data was recorded at automated meteorolog-
ical station at the site.

2.1.2. Plant material

GAM 73 is dwarf elite line from Senegal and a source of major
d2 dwarfing gene (Rai and Rao, 1991). The d2 dwarfing gene has
been extensively used to reduce plant height in high yielding pearl
millet hybrids in the United States, India and Africa. Ex-Bornu is an
important landrace population from the Bornu region of northeast
Nigeria, which is extensively used as parental material in breeding
programmes in India. Ex-Bornu is tall and matures in 90-95 days.
700256 was a tall African landrace and matures in 90-95 days. B]
104 is most popular and widely cultivated pearl millet hybrid in
India. B] 104 is medium tall with good basal tillering, red nodal
joints, medium long cylindrical ear heads and matures in 75-82
days.

2.1.3. Agronomic assessments

Atharvest above ground plant samples were harvested. The pan-
icles were separated and threshed. Fresh stover yield was recorded
and a sub sample was collected and milled. The sub sample biomass
and grain was dried at 70°C for 72 h. Nitrogen concentration was
determined for the vegetative tissues and grain samples using
Technicon Auto analyser. The destructive samples allowed the
interpretation of effects on grain N uptake in terms of above-ground
crop N uptake and partitioning of N to developing grain from veg-
etative tissues (NHI).

2.1.4. Nitrogen use efficiency calculations

Nitrogen use efficiency (NUE) is defined as the ability of a crop
to produce grain from available N (Moll et al., 1982; Kindred and
Gooding, 2004). NUE can be derived by two components: first is the
ability of the crop to take up nitrogen from the soil (nitrogen uptake
efficiency; NUpE) and the second is the ability of the crop to produce
grain from the nitrogen in the canopy, i.e. nitrogen utilization effi-
ciency to produce grain (NUtEg). Nitrogen uptake efficiency can be
expressed as the total amount of nitrogen in the above ground crop
at maturity divided by the available soil mineral N (NO32~ +NH4")
plus nitrogen applied as fertilizer. N utilization efficiency can be
expressed as grain yield divided by total aboveground N uptake
(Gooding et al., 2012a). The destructive plant samples allowed the
calculation of NUpE of the above-ground crop; the N utilization
efficiency to produce grain (NUtE).
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Table 1
Major soil characteristics of the experimental site at ICRISAT, Patancheru.

Depth (mm) Size class and particle diameter (mm) pH (1:2.5)H,0 EC(1: 2.5) suspension OC (%) N ppm Water retention
Sand (2.0-0.02) Silt (0.02-0.002) Clay (<0.002) 1/3-bar 15bar
(% of 2 mm soil particle) Gravimetric %
0-50 79.3 6.4 14.3 6.0 0.1 0.55 - 16.2 6.3
50-200 66.7 55 27.8 6.9 0.1 0.52 343 20 12.4
200-500 41.6 6.8 51.6 6.9 0.1 0.63 455 219 13.9

2.1.5. Field water balance and crop water productivity

Field scale hydrology for the experimental site was analyzed
using one-dimensional water balance model called as Water Impact
Calculator (WIC) developed by ICRISAT. WIC requires soil (water
retention and soil depth), weather (ETy and precipitation), crop
growth [biomass (K;) and root growth function], topography (land
slope, land form conditions), and crop management (date of crop
sowing and harvesting) details as an input to the model. WIC was
well calibrated and validated with different soil types, land use and
cropping system using different water balance components (sur-
face runoff and soil moisture) measured at ICRISAT and on-farm
trials before applying to the present data set (Garg et al., 2013).

In WIC, evaporation and transpiration values are estimated
based on imposed surface boundary conditions (atmospheric
boundary with rainfed condition) and moisture accessibility
between surface soil layer and root zone. Water available in top
10cm layer is contributed in satisfying the evaporation demand
whereas; moisture available within root zone is used to meet crop
water demand. Crop water requirement (CWR) for a given crop is
calculated such as:

Crop water requirementg,y_; = [Kc]gay—; % [ETo]qay—i (1)

rootzone
if E Available water > Crop water requirements;
Jj=1
ETqay—i = Crop water requirements

rootzone
otherwise ETgy_; = Z Available water
j=1

where i denotes days after sowing; j symbolize each cm increment
in soil layer reaching up to root zone; and K. is the crop coeffi-
cient. Root zone depth is dynamic variable and controlled by crop
growth stage (days after sowing) as defined by Allen et al. (2005).
It was assumed that evaporation from soil surface was inversely
proportional to vegetative growth/stage. Thus, after achieving
full vegetative crop growth (K. > 1.0), evaporation from the soil

Table 2

surface was considered almost negligible. If moisture in root zone
was not sufficient to meet crop water requirement, then WIC
counted crop under water stress. With given precipitation and land
management, number of days crop experienced water stress was
estimated in different years as shown in Eq. (3).

Actual ET
ET under nonlimiting water condition

(3)

Crop water stress(—) =1 —

For further analysis, we divided entire study period into three
broad category (dry, normal and wet years) based on precip-
itation received during crop season (25 June-23 September).
According to the Indian Meteorological Department, Pune,
India (http://www.imdpune.gov.in) precipitation that was 20%
lower than mean (precipitation<530mm) was considered as
dry or deficit year; precipitation between +20% and -20%
(530 < precipitation <640 mm) as normal year and precipitation
greater than 20% (precipitation > 640 mm) as wet year.

Crop Water Productivity (WP) is the amount of grain yield
obtained per unit of water consumption (Tuong and Bouman, 2003;
Garg et al., 2012). Depending on the type of water sources consid-
ered, WP is expressed as grain yield per unit water evapotranspired
(WPgt). In this study, WP is calculated using simulated values of
consumptive water use (ET,) and measured crop yield in different
years.

Grain yields(kg)

WPer(kgm ™) = (4)

Consumptive water use(ET in m°)
2.2. On-farm trials

The data resulted from a series of trials conducted in 30 districts
across Karnataka to assess the effect of soil test based balanced
nutrient application on major crops on small holder farms under
Bhoochetana initiative by Government of Karnataka and ICRISAT
to enhance the productivity in rainfed agriculture. For this paper,
results from pearl millet farmers’ field trials during cropping sea-
sons 2010-2012 are presented.

Chemical properties of soil samples collected from farmer’s field at different locations in Karnataka. Figures in parentheses are percent deficient fields.

District pH EC ocC Av P Av K AvS Av Zn Av B No. of samples
ds/m % ppm ppm ppm ppm ppm
Bagalkot 7.8 0.35 0.62 2.3 60 11.7 0.9 0.7 2440
(36) (97) (28) (59) (55) (69)
Bellary 7.4 0.40 0.63 29 55 11.1 1.3 1.2 2100
(32) (90) (33) (67) (19) (36)
Bijapur 8.3 0.40 0.42 3.8 209 24.4 0.5 0.9 2791
(70) (81) (3) (77) (89) (43)
Gulbarga 8.0 0.36 0.47 5.0 257 394 0.5 0.7 3633
(64) (70) (0) (75) (86) (68)
Koppal 7.7 0.26 0.45 19.6 147 825 0.8 0.3 2499
(65) (7) (2) (22) (59) (87)
Raichur 8.2 0.60 0.42 11.1 202 145 0.7 1.2 3343
(71) (48) (4) (64) (79) (39)
Yadgir 8.0 0.38 0.40 10.2 191 316 0.6 0.7 1982
(75) (41) (4) (65) (86) (57)
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Fig. 1. Study sites for farmers’ field trials in seven districts of Karnataka, India.

During cropping seasons 2010-2012, a number of farmer’s field
trials were conducted in seven districts of Karnataka represent-
ing three agro ecological zones; Northern dry (Bagalkot, Bijapur,
Bellary, Koppal, Raichur), North Eastern transition (Gulbarga) and
North eastern dry zone (Yadgir) (Fig. 1). Soil samples (0-150 mm)
were collected from farmer’s field using stratified random soil
sampling method considering soil types including topography,
major crops and land holding size (Sahrawat et al., 2013). Soil sam-
ples were analyzed for different chemical properties in the Central
Analytical Services Laboratory, ICRISAT (Table 2). Based on the total
soil samples analyzed in the district, percent deficient field in the
district were calculated. Earlier in Karnataka, Blanket fertilizer rec-
ommendations involve only application of major nutrients (N, P
and K) and completely ignoring secondary and micro nutrients (S,
B and Zn) which rarely match soil nutrient demand. Fertilizer rec-
ommendations were formulated based on the fertility status of the
soil and crop requirement. A full dose of nutrient was applied when

Table 3
Seasonal rainfall (mm) during crop season (July to September) at different locations
in Karnataka where farmers’ field trials were conducted.

District 2010 2011 2012 Long-term
average
Bagalkot 450 335 216 360
Bellary 469 260 205 387
Bijapur 507 307 272 428
Koppal 508 304 226 383
Raichur 633 356 289 479
Yadgir 736 477 394 590
Gulbarga 754 514 437 640

>50 percent deficient and a half dose was applied if deficiency was
less than 50 percent. Seasonal precipitation during crop season is
presented in Table 3.

In each village 20 farmers were selected for conducting on-farm
participatory demonstration trials. Each field was divided into two
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plots each covering an area of 1000-2000 m? with two treatments:
(1) Farmer’s practice (FP), (2) Improved practice (IP) consisting of
application of balanced nutrients based on soil analysis. Farmer’s
crop, variety and crop management practices were all same in both
the treatments such that each farmer was considered as replication.
Farmers used improved cultivar 86M86 and Kaveri Boss which were
popular among the all regions. Before sowing, seeds were treated
with Captan @ 1.5 gkg ! seed and 4 kgha~! seed was used to main-
tain a population of 220,000 plants ha~! ata row spacing of 450 mm
and a plant spacing of 90 mm. All plots were seeded on the same day
after the first effective rain in each year. Half dose of N and all other
nutrients were broadcasted at the time of sowing whereas second
dose of N was applied at 40 days after sowing. These plots were
maintained throughout the cropping season and were managed
by the farmer with support from research technicians providing
recommendations on management of plots.

At physiological maturity, crops were harvested from three
samples per plot each of 9m? areas from both the treatments.
The harvest area was chosen at random but representative of the
plot was used to extrapolate yields to an area basis. A subsam-
ple was taken out to calculate grain yield that was then calculated
on hectare basis at 12% moisture. Aboveground crop biomass was
weighed at harvest and subsamples were dried at 80 °C for 48 h for
final dry weight.

Benefit cost ratio were calculated based on additional cost
and additional returns with application of micronutrients as other
inputs in both the treatments were same. Hence, additional cost
on fertilizer application was worked based on prevailing market
prices of fertilizers e.g. Indian Rupee (INR) 29kg~! zinc sulphate,
INR 120kg~! agribor and INR 2kg~! gypsum. Additional returns
were estimated based on minimum support price each year.

2.3. Statistical analysis

Genstat 14 was used for ANOVA to investigate main effects and
interactions between genotype and N levels using the treatment
structure as Genotype x N Level and the blocking as Year/block/N
level/genotype. This analysis revealed significant interactions
between genotype and N level. Analyses using all Years and Geno-
types were therefore analyzed with the treatment structure of
Year x Genotype. For farmer’s field trials, Analysis of residual max-
imum likelihood (REML) used the data sets encompassing all years
and comprised a fixed model of location x practice, and a random
model of farmer.

3. Results
3.1. On-station trials

Long term precipitation trends have been earlier studied for the
location by Rao and Wani (2011) which indicate that annual precip-
itation at the location did not change much however distribution
of precipitation across the seasons varies.

Seasonal precipitation during crop cycle (June-September)
showed large inter-annual variability (CV =28%) (Fig. 2). Distribu-
tion of precipitation across each growing season was not uniform
e.g. relatively dry seasons in 1984, 1985, 1986 and 1987 and high
precipitation events were recorded during the month of September
in growing seasons 1981, 1983, 1988 and 1989 which coincided
with flowering and grain filling. There was also an exceptional
decline in June maximum and minimum temperature both during
growing season 1985 and 1990.

3.1.1. Effect of season on pearl millet
Pearl millet yields were highly variable from year to year with
no clear trend over time (Fig. 3). Grain yield ranged from 0.6 tha~!
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Fig. 2. Monthly weather data at the experimental site. (a), (b) Maximum and
minimum temperature for June (¢), July (O), August (A) and September (O). (c)
Precipitation from June to September. Average corresponds to long-term averages
(40 years) at the location.

to 2.5tha~! however ranking of genotypes for grain yield was not
consistent across the seasons resulting in year—cultivar interac-
tion. For example GAM 73 had significantly high yields in growing
season 1993-95; otherwise it was lowest yielding genotype. Sec-
ondly B] 104 had exceptionally higher yield in 1985. Ex-Bornu had
significant higher aboveground dry matter production across the
seasons. Crude protein (CP) levels increased over the years.

Seasonal grain yield variability can be explained by weather
parameters as suggested by regression analysis. There was not a
significant effect of August minimum temperature (Anthesis and
grain filling) on grain yield however; a significantly positive lin-
ear relationship of August maximum temperature with grain yield
was reported (P<0.05) (Fig. 4a and b). Grain yield had significant
negative relation with seasonal precipitation and this effect can be
more precisely explained by September precipitation which coin-
cided with flowering and grain filling (Fig. 4c and d). Quadratic fits
for grain yield and September precipitation appeared appropriate
and it was negative and highly significant (P<0.05).

Out of fifteen growing seasons, five dry years (deficit), six
normal and four wet years were reported (Table 4). Model parti-
tioned precipitation into principle hydrological components such
as ET, surface runoff and deep percolation based on water balance
approach. Out of total precipitation received during crop period, ET
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Fig. 3. Grain yield, above ground dry matter (AGDM), crude protein and HI of pearl millet in study period. Symbols represents cultivar means over N rates (¢) 700256, (H)

BJ 104, (o) Ex-Bornu and (@) GAM 73.

Table 4
Water balance components, average crop yield and water productivity of long-term experiment during dry, normal and wet years (data from 1981 and 1995).
Category Total no. of Rainfall (mm) ET (mm) Surface Millet grain Crop water WPgr (kgm~3)
years runoff + percolation yield (kgha=1) stress (%)
(mm)
Dry 5 380 228 152 1505 + 297 30 0.66
Normal 6 499 250 249 1607 + 424 25 0.64
Wet 4 771 273 498 985 + 333 14 0.36

in dry, normal and wet years was found to be 60%, 50% and 35%,
respectively and remaining amount converted into surface runoff
and deep percolation. Negative correlation of millet yield with sea-
sonal precipitation was further explained by other hydrological
components. Surplus precipitation in wet years generated excess
runoff and waterlogged conditions which adversely affected crop
yields as shown in Fig. 4e. On the other hand, positive trend was
found between consumptive water use (ET) and pearl millet yield
(Fig. 4f). Due to shallow soil depth (30-50 cm) and poor water hold-
ing capacity of experimental site, crop experienced water stress
even in normal years. On the other hand, water stress was minimal
in wet years (marked by circle in Fig. 4g) but yield declined due to
excess precipitation. Wet spell analysis (five days rainfall of more
than 30 mm) showed a negative relationship between grain yield
and number of wet days (Fig. 4h).

Millet yield in normal years was found maximum followed by
dry and wet years. There was not a significant difference in crop
yield between dry and normal year but yields in wet years were
significantly low. Water productivity of millet crop (WPgr) was
between 0.36 and 0.66kgm~3 (Table 4). WPgr in dry year was
almost double than the wet years.

3.1.2. Effect of nitrogen on pearl millet

When averaged across all seasons and cultivars, grain yield
and AGDM was increased by 0.35tha~! and 0.89tha~!, respec-
tively with 40kgha='N application. The interaction between N
level and cultivar for individual years was significant. The meta-
analysis over fifteen years showed a significant cultivar x N level
interaction for grain yield, aboveground dry matter, HI and crude
protein which demonstrates that ranking of genotypes differs with

nitrogen levels. B] 104 and Ex-Bornu responded to higher N levels
with increasing grain yields, AGDM and crude protein simulta-
neously (Table 5). All the genotypes increased AGDM with increase
in N application rate however accumulation of AGDM was not par-
titioned to developing grain leading to lower HI and grain yield in
Ex-Bornu, 700256 and GAM 73. There was no significant effect of
N levels on HI. There was no effect of cultivar in CP however it was
increased with N application.

Grain N uptake and total aboveground N uptake increased with
increasing N level, however partitioning of N was not affected
by N application. There was not a significant effect of cultivar on
grain N uptake however, the ranking of genotypes varied with N
level. Grain N uptake was significantly higher at 40 kgha~—! N level
in BJ 104 and Ex-Bornu however at 20kgha~!, grain N uptake
was similar in all cultivars (Table 6). Above ground N uptake was
increased with increasing N rate and cultivar x N level interaction
was significant. Ex-Bornu had significantly higher aboveground N
uptake at 40kgha~! however, lowest NHI at same N rate. B] 104
had significantly higher NHI at all N rates. GAM 73 and 700256
achieved highest N partitioning at 20 kg N ha~!. Regression analysis
suggested that grain N uptake is more closely associated with grain
yield explaining 70 percent variation (Fig. 5a and b).

NUpPE increased from 0.99 without fertilizer application to 1.30
under highest fertilizer rate. Averaging across N treatments, the
linear regression of NUpE and NUE was not statistically signifi-
cant (Fig. 5¢). There was difference in NUpE amongst the cultivars
in the range 0.84-1.09 under low N treatment and 1.06-1.62
under 40 kgNha~! (Table 7). Overall NUtE increased from 11.38
under 40 kg Nha~! treatment to 18 kg DM kg1 N under low fertil-
ity conditions. Averaging across N treatments, there was a positive
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Fig. 4. Relationship between climatic variables and pearl millet grain yield at ICRISAT experimental site. Regression of grain yield with (a) maximum temperature;
y=510x—13,475 (R?=0.53), (b) minimum temperature; y=517x — 10,066 (R?>=0.14), (c) seasonal precipitation; y=—1.125x+2154.8 (R?=0.27), (d) September precipi-

tation; y=—0.0247x% +6.05x+1253.2 (R?> =0.45), (e) surface runoff; y=—2.142x+1808 (
y=-24.8x+2238 (R2=0.47), and (h) wet spell; y=—147.4x + 2366 (R2=0.38).

linear relationship between NUtE and NUE amongst the culti-
vars accounting for 72 percent variation in NUE (Fig. 5d). There
was a N treatment x cultivar interaction partly because of GAM
73 decreased NUtEg under 20kgha~! fertilizer treatment while
increased in other N rates. NUE was increased in low fertility regime
(16.5) compared to 40kgNha~! (12.4). The cultivars differed in
NUE and the interaction between N treatment and cultivar was

R?=0.42), (f) evapotranspiration; y=4.749x +357 (R* =0.26) and (g) water stress;

close to significant (P=0.06). Agronomic efficiency to use nitrogen
was affected by N level, however effect of cultivar and culti-
var x N level interaction were not significant. Agronomic efficiency
decreased with increase in N application.

Year x N level x cultivar interaction was significant (<0.05) for
all parameters, indicating that cultivar response to different fertil-
ity regimes differ between years. This may be attributed to variation
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Table 5
Effect of N fertilizer rates on Grain yield (GY), above ground dry matter (AGDM),
harvest index (HI) and crude protein concentration (CP) in pearl millet cultivars.

Cultivar N applied (kgha')

0 20 40
GY (tha)
700256 1.25 1.16 137
B] 104 1.28 1.33 1.71
EXBORNU 1.07 133 1.62
GAM 73 1.06 1.20 1.36
SED 0.059
AGDM (tha1)
700256 2.32 2.30 3.01
B] 104 2.15 2.30 2.68
EXBORNU 2.55 2.97 3.94
GAM 73 2.15 2.52 3.08
SED 0.099
HI
700256 329 32.8 31.0
BJ 104 37.2 35.9 38.2
EXBORNU 28.7 30.6 28.7
GAM 73 30.9 313 30.1
SED 0.80
CP (%)
700256 15.73 14.17 17.39
B] 104 14.10 14.18 21.21
EXBORNU 10.39 15.07 21.38
GAM 73 12.88 16.37 18.53
SED 0.898

in precipitation across the years and availability of residual
soil N.

3.2. On-farm trials

Soil data analysis at different locations (Table 2) suggested that
majority of soils were deficient in organic carbon (32-75%), avail-
able phosphorous (41-97%), available sulphur (22-77%), available
zinc (19-89%) and available boron (36-87%).

Precipitation data analysis at different locations revealed that
2010 was a normal precipitation year in all the districts whereas

Table 6

Effect of N fertilizer rates on Grain N uptake (GN uptake; kg ha~'), Total aboveground
N uptake (AGN uptake; kgha=') and nitrogen harvest index (NHI) in pearl millet
cultivars.

Cultivar N applied (kgha')

0 20 40
GN uptake
700256 45.2 321 42.9
BJ 104 33.7 343 65.0
EXBORNU 213 37.6 64.8
GAM 73 31.8 40.6 48.9
SED 4.19
AGN uptake
700256 103.7 92.3 140.0
BJ 104 92.8 102.0 167.1
EXBORNU 78.5 121.7 209.0
GAM 73 80.4 113.0 167.0
SED 10.69
NHI
700256 37.47 38.29 33.46
BJ 104 40.66 36.87 43.06
EXBORNU 28.90 33.81 32.33
GAM 73 34.02 35.12 33.37
SED 1.528

growing season 2011 and 2012 were marked as dry years (Table 3).
In 2011, precipitation was 8-30 percent lower than the normal
whereas in 2012 precipitation was 28-43 percent lower than the
normal precipitation. Crop yield was highly variable due to non-
uniform distribution of precipitation across the locations and also
across the seasons. Regression analysis showed that in less precipi-
tation years, yield increment with the application of micronutrients
linearly increased with seasonal precipitation as reported in grow-
ing season 2012 (R2=0.35), however in a good precipitation year
grain yield decreased marginally with precipitation (Fig. 6).

3.2.1. Effect of balanced nutrient application on pearl millet

There was significant effect of location, fertilizer treatment
and location x fertilizer on grain yield and AGDM (Table 8). In
each growing season, grain yield and AGDM was significantly
increased by improved practice (IP) where micronutrients were
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Table 7

Effect of N fertilizer rates on N uptake efficiency (NUpE = kg aboveground dry matter
kg soil available N-1), N Utilization efficiency (NUtE = kg grain yield kg above ground
dry matter—1), physiological nitrogen use efficiency (NUE = NUpE x NUtE=kg grain
yield soil available N-1) and agronomic nitrogen use efficiency (AE =(grain yield in
fertilized plot-grain yield in unfertilized plot) fertilizer applied!) in pearl millet
cultivars.

Cultivar N applied (kgha')
0 20 40

NUpE
700256 1.09 0.83 1.06
BJ 104 1.08 0.95 1.28
EXBORNU 0.99 1.16 1.62
GAM 73 0.84 1.01 1.26
SED 0.089
NUtE
700256 17.93 17.34 11.65
Bj 104 18.50 15.88 12.37
EXBORNU 16.80 13.81 9.34
GAM 73 18.74 14.10 12.16
SED 0.751
NUE
700256 16.37 12.41 11.68
B] 104 19.00 14.57 14.93
EXBORNU 16.29 14.19 13.67
GAM 73 13.96 12.48 11.50
SED 0.769
AE
700256 17.15 1243
B] 104 18.30 13.42
EXBORNU 19.59 15.70
GAM 73 18.73 15.65
SED 2.88

Table 8
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Fig. 6. Relationship between seasonal precipitation and pearl millet yield increase
with balanced nutrient management in three seasons. Symbols represent years
¢=2010, 0=2011 and A=2012. Regression equations for three seasons 2010
(y=-0.1828x+647.87; R?>=0.008), year 2011 (y=0.4489x+367.21; R?=0.30) and
year 2012 (y=0.8013x +178.68; R? =0.39). Solid lines represent statistically signifi-
cant (P=0.05) regression and dashed lines indicate regression was not significant.

applied along with major nutrients. Among the locations, signif-
icantly higher yields were recorded in Bijapur in 2010, Bagalkot
in 2011 and Koppal district in 2012. There was an increase in
grain yield of 17-28% in 2010, 20-32% in 2011 and 25-32%
in 2012. The effect of location on crop performance was con-
founded by farmer’s management practice and cultivar grown.
There was no benefit of balanced nutrition on partitioning of dry
matter into grain so harvest index remained same under both
treatments. Harvest index is more conservative trait which is
associated with cultivar’s genetic potential. Poor harvest index
(24%) in Yadgir in 2010 and Raichur in 2011 indicated severe
drought stress in those regions. At some locations above ground
dry matter was increased possibly in long duration cultivars but

Grain yield (GY, kgha~!), Above ground dry matter (AGDM, kg ha'), harvest index (HI), simulated evapotranspiration (ET, mm) and water productivity (WPgr, kgm~—3) of
pearl millet in response to farmers practice (FP) and balanced fertility management (IP, application of micronutrients along with N, P, K) in farmer’s field trials conducted in

different districts of Karnataka.

Number of trials GY AGDM HI ET WPt

(n) FP P FP P FP P FP P
2010
Bijapur 26 1960 2670 4560 6150 0.42 043 261 0.75 1.02
Gulbarga 5 1590 2080 3850 4860 0.41 0.43 345 0.46 0.60
Raichur 21 1260 1530 3220 3960 0.39 0.39 352 0.36 0.43
Yadagir 18 1830 2525 7520 10,060 0.25 0.25 365 0.50 0.69
SED 263.3 640.3 0.022
P (Location) <0.001 <0.001 <0.001
P (Practice) <0.001 <0.001 0.193
P (Loc x Prac) <0.001 <0.001 0.505
2011
Bagalkot 8 3230 4580 10,940 15,170 0.30 0.30 229 141 2.00
Bijapur 10 1560 2050 3630 4610 0.43 0.45 214 0.73 0.73
Gulbarga 10 1500 2170 3960 5605 0.38 0.39 270 0.56 0.80
Koppal 5 920 1360 2580 4020 0.36 0.34 227 0.41 0.60
Raichur 5 830 1040 3390 4290 0.24 0.24 269 0.31 0.39
Yadagir 10 1690 2250 4040 5260 0.42 0.43 277 0.61 0.81
SED 324 840 0.0269
P (Location) <0.001 <0.001 <0.001
P (Practice) <0.001 <0.001 0.072
P (Loc x Prac) <0.001 <0.001 0.131
2012
Bellary 10 820 1160 2370 3345 0.36 0.36 130 0.63 0.89
Bijapur 10 1610 2150 3860 4990 0.40 0.42 190 0.85 1.13
Koppal 10 1570 2280 4810 6820 0.34 0.34 189 0.83 1.21
Yadagir 10 1450 1950 3870 5020 0.38 0.39 292 0.50 0.67
SED 209.7 545.5 0.035
P (Location) <0.001 <0.001 0.334
P (Practice) <0.001 <0.001 0.035
P (Loc x Prac) 0.001 <0.001 0.575
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Table 9
Benefit cost ratio (B:C) for pearl millet based on additional cost incurred in application for balanced nutrient management and additional income produced with increase in
crop yield.
Location Additional cost (INR) Additional benefit (INR) B:C
2010 2011 2012 2010 2011 2012
Banglkot 1625 11,871 6.31
Bellary 1027 9515 8.27
Bijapur 1375 5955 4312 5292 3.33 2.14 2.85
Gulberga 1625 4536 5896 1.79 2.63
Koppal 1425 3872 7056 1.72 3.95
Raichur 1625 2268 1848 0.40 0.14
Yadgir 1625 5838 4919 4900 2.59 2.03 2.02

this did not result in increased grain yield because additional
dry matter was partitioned to stem rather than panicle growth.
Application of micronutrients resulted in improved water produc-
tivity in pearl millet. Benefit:cost ratio varied across the locations
depending upon agro-climatic conditions, amount of fertilizer used
and yield levels in the location. B:C ratios varied from 1.72 to
8.27 across the locations and indicated that additional cost on
application of balanced nutrient management is justified by addi-
tional benefits gained through increase in grain yield even in dry
seasons of 2011 and 2012. Raichur had lowest B:C ratio when crop
suffered extreme stress (Table 9).

4. Discussion
4.1. Effect of balanced nutrition application on pearl millet

Very few on-farm studies on balanced nutrition of pear mil-
let under limited water conditions exist. Soil data analysis from
farmer’s field suggested that crop yields are limited because of
low soil fertility levels. As micronutrients deficiency has impli-
cations for plant metabolism, therefore pearl millet responded
even to the small amounts of micronutrients applications. Here we
report improved grain yields of pearl millet even in dry years with
balanced nutrient management which provides resilience against
drought. Firstly, uptake of nutrients is affected even if one nutri-
ent is limiting e.g. interdependence of N with S and Zn metabolism.
It is well documented now that nitrogen uptake and assimilation
increases with sulphur availability (Zhao et al., 1999) and N fer-
tilization combined with soil and/or foliar Zn applications, has a
synergistic positive effect on grain Zn concentration (Kutman et al.,
2011; Cakmak et al., 2010). Nitrogen application increase min-
eral uptake so grain concentrations increase for Fe, Cu, Mg and Zn
(Gooding et al., 2012b). Secondly, damage caused by limited water
atearly growth stages is compensated by plant nutrient availability.
Thirdly, fertilized millet suffers less during water shortage at pan-
icle initiation and at grain filling compared to non-fertilized millet
(Rockstorm and de Rouw, 1997). We report that yield increase in
dry years with micronutrient application was due to improvement
in water productivity. Earlier Girish et al. (2012) also reported that
application of micronutrients improves water productivity in crops.

Rainfed systems are highly vulnerable to various types of cli-
matic and socio-economic shocks. Extreme climatic events and
depleting soil fertility not only affect crop productivity but often
leads to crop failures in the region. With the climate change,
frequency of extreme climatic events in terms of changing pre-
cipitation patterns and increasing temperature are expected to
increase (IPCC, 2007), therefore it is important to evaluate the
crops and cropping systems in SAT for their resilience against
fragile environments. Resilience is the capacity of a system to
absorb disturbance and still retain its basic function and struc-
ture (Walker and Salt, 2006). Although the purpose of this study
is to evaluate the performance of pearl millet with balanced
nutrient management; however two dry seasons 2011 and 2012

provided an opportunity to see the resilience of pearl millet to
the drought. Despite 42% deficit rainfall in 2012, we found the
yield increase from 25 to 31% with balanced nutrient management
compared to farmers practice. Pearl millet responds to climatic
variables however yield penalty is less than other cereals (Sorghum,
Maize) and legumes (Soybean) and when nutrients are applied ade-
quately.

Under low productivity conditions such as marginal soils, erratic
precipitation and low credits for purchasing fertilizers in SAT, it
is pertinent to evaluate the sustainability and profitability of the
technology for a given set of agro-climatic conditions. Farmer’s
acceptability for any technology is driven by the ability of the sys-
tem to provide economic security. Benefit:cost analysis showed
that balanced nutrient management of pearl millet is economically
viable across the years and locations except for Raichur. Therefore,
pearl millet can be an important component of cropping systems
in low production conditions with improved agronomic manage-
ment.

4.2. Effect of season on crop yield

There is large intra seasonal precipitation variability with no sig-
nificant change in annual precipitation over a period of 1981-1995
(Rao and Wani, 2011). Intra seasonal distribution of precipitation
has stronger effect on crop growth than fluctuations in annual pre-
cipitation. The variation in pearl millet yield was related to the
precipitation distribution within season, with dry and wet spells
being key determinants of crop yield. The precipitation unpre-
dictability is a major constraint to plan the start of cropping season
(Pieri, 1989) as dry spells during early crop growth stages may
result in poor establishment or germination. Our results suggest
that there is uncertainty in uniform distribution of precipitation in
June which represents the land preparation period which conse-
quently may delay planting date and reduce length of crop cycle.
Pearl millet yield variability in SAT is often related with water
shortage during crop season however, we found a negative effect
of seasonal precipitation and September precipitation on pearl
millet grain yield. Our results confirm that wet spells also have
detrimental effect on crop yield if it coincides with anthesis and
grain filling/physiological maturity. Heavy precipitations at anthe-
sis resulted in pollen washing leading to poor seed setting. Crop
lodging due to heavy precipitations at physiological maturity and
incidence of ergot due to high humidity contributed to lower yields
in wet years. Our results confirm that excessive precipitation in
September results in excess runoff and water logging conditions in
shallow soils with low water holding capacity. Secondly, decline in
grain yield even in seasons with high rainfall may be because of
soil degradation and reduction in rainfall effectiveness. Lal (2010)
reported that yield potential of elite varieties is not realized in
marginal soils of SAT.

Consistent with Maman et al. (1999) we found that seasonal
variability had a greater effect on yield and N levels than culti-
vars and applied N. In dry years crop yield is affected due to water
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stress, however in wet years although water stress was minimal but
yield declined due to excessive runoff. During dry years crop utilize
water more efficiently resulting in higher water productivity. Dur-
ing dry years, crop yields were comparable to normal years because
delay in flowering and then buffering by tillers provides an adap-
tive mechanism overcome drought in pearl millet (Mahalakshmi
and Bidinger, 1985).

This study showed a positive effect of August maximum tem-
perature which coincides with anthesis and grain filling on pearl
millet yield. Earlier work by Ong (1983) reported that early repro-
ductive stage is sensitive to increased temperatures whereas late
reproductive or grain filling phase are less affected with increasing
temperature and a mean temperature of 30.5+2.5°C is optimum
for anthesis. During our study period august maximum temper-
ature seldom exceed 32°C therefore leading to positive relation
with grain yield as temperature exceed from 28 to 30.5 °C. Besides
that each cultivar has its threshold limit for temperature toler-
ance e.g. drought tolerant summer cultivars 86M64, 9444 and GHB
558 can tolerate temperature as high as 42°C (Yadav et al., 2012;
K N Rai, through personal communication). Pearl millet varieties
have different threshold limits for temperature; 35°C for tem-
perature sensitive and 42 °C for tolerant varieties (Estibaliz Leibar
and Vincent Vadez, through personal communication). Increasing
temperature adversely affect grain number and reduce grain yield
however some hybrids e.g. ICMB 05666 can have >60% seed setting
at 42 °C when coupled with water availability (Yadav et al., 2012).
In pearl millet, a variation in the value of optimum temperature
would be more significant to reduce the risk of damage due to high
temperature in millet growing regions.

4.3. Genotypic variation for NUE

Present results showed genetic variation in NUE was more
closely associated with NUtE than NUpE under both low and high
N conditions therefore former contribute more towards cultivar’s
yielding ability. Several investigators worldwide indicated that
NUPpE accounts for a greater proportion of genetic variation in
NUE at low N supply in cereals (Barraclogh et al., 2010; Kutman
etal., 2011;0rtiz-Monasterio et al., 1997; Le Gouis et al., 2000). The
present results are consistent with Barraclogh et al. (2010) who
observed that NUtE was the key component determining genetic
variation in grain yield under low, intermediate or high N condi-
tions. Our results are consistent with (Alagarswamy and Bidinger,
1982) that pearl millet cultivars did not differ in nitrogen uptake
but did differ in their ability to use nitrogen. The usefulness of such
genotypic variability can be exploited in both low and high fertility
conditions for optimizing both grain yield and NUE. We found that
improvements in grain yield were more closely associated with
grain N uptake than above ground N uptake. This suggests traits
favouring high grain N uptake could be a potential target for breed-
ing for improved grain yield under low and moderate N supply in
pearl millet. Here we used 40 kgNha~! as optimum fertilizer rate
for pearl millet production in SAT whereas it responds to higher
fertilizer rates as reported by many authors. Consistent with other
authors (Alagarswamy and Bidinger, 1987; Maman et al., 1999) we
found that NUE decreases as the N rate increases which has implica-
tions on environment. N fertilizer application increased pearl millet
grain yield and crude protein and N in vegetative tissues. Increase
in crude protein concentration over the years may be due to build-
ing of organic C with residue incorporation and N application. It
has been reported earlier that long-term application of N fertilizer
at the optimum levels sustains yields and improves soil quality by
increasing Carbon sequestration (Wani et al., 2007).

In low input production environments under limited N supply,
cultivars that use nitrogen more efficiently are a sustainable solu-
tion to increase crop yield in these systems. Genotypic variation

in nitrogen use efficiency in pearl millet landraces under low pro-
duction environments and marginal soils may therefore represent
a source of variation for development of varieties adapted to low
fertilizer input cropping systems.

5. Conclusion

Balanced nutrient application improves pearl millet produc-
tivity on farmers’ field which were critically deficient in macro-
and micronutrients. Application of balanced nutrient provides
resilience against drought by improving grain yield in dry sea-
sons through enhanced water productivity. Additional cost on
application of balanced nutrient management is justified by addi-
tional benefits gained through increase in grain yield even in dry
seasons. Pearl millet yield was positively associated with August
maximum temperature and negatively with seasonal precipitation.
September precipitation >125 mm which coincided with grain fill-
ing stage reduced grain yield in marginal soils. Except wet years,
crop yields were comparable in dry and normal seasons which indi-
cate pearl millet’s genetic pre-disposition to perform under drought
and its production is still advantageous in this region. Ability of
pearl millet to ensure grain production even under low fertility
and high temperature conditions provides resilience under climate
change however higher yields can be achieved with improved agro-
nomic management.
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