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Tuberose (Agave amicaMedik., formerly Polianthes tuberosa L.) is one of themost

economically important bulbous ornamental crops in tropical and subtropical

regions of India, yet its productivity is constrained by suboptimal cultural prac-

tices, particularly inadequate irrigation scheduling and imbalanced nutrient man-

agement. A two-year field investigation (2022–2024) was conducted at the Water

Technology Centre, ICAR-Indian Agricultural Research Institute, New Delhi (29°

35’N, 77°10’E; 232 m AMSL), under a semi-arid subtropical climate. The experi-

ment was laid out in a split-split-plot design with three replications, comprising 18

treatment combinations involving two land configurations (raised bed and

flatbed), three irrigation regimes based on pan evaporation (50%, 75%, and

100% PE), and three fertigation levels (50%, 75%, and 100% recommended dose

of fertilizer). Pooled analysis revealed that raised bed cultivation significantly

improved plant height (66.48 cm), leaf length (41.98 cm), leaf width (1.94 cm),

and leaf number (82.5 plant–1) compared to flatbed, while also advancing spike

emergence and flowering. Irrigation at 100% PE produced superior vegetative

growth and earliest spike initiation (98.0 days) and anthesis (121.3 days).

Fertigation at 100% RDF resulted in maximum growth attributes and earliest

flowering (119.4 days). Economic analysis showed that the raised bed × 100% PE ×

100% RDF treatment recorded the highest net returns (₹1,09,400 ha–1) and

benefit-cost ratio (2.01). These findings demonstrate that integrating raised bed

planting with optimal irrigation and fertigation enhances vegetative performance,

accelerates reproductive development, and improves economic returns, offering

an effective agronomic strategy for drip-irrigated tuberose under semi-

arid conditions.
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1 Introduction

Tuberose, now taxonomically reclassified as Agave amica

(Medik.) Thiede and Eggli (2013), based on molecular phylogenetic

analyses that resolved the genus Polianthes as nested within the

paraphyletic genus Agave (subfamily Agavoideae, family

Asparagaceae), is a commercially important tropical and subtrop-

ical bulbous ornamental crop. Historically classified as Polianthes

tuberosa L. under the family Amaryllidaceae (Meerow et al., 2000),

the reclassification into Agave is supported by chloroplast genomic

and multi-locus nuclear DNA evidence (Thiede and Eggli, 2013;

APG IV, 2016). Commonly known as Rajanigandha or

Nishigandha in India, tuberose is native to Mexico and is cultivated

across diverse agro-climatic zones for its graceful, long-lasting

flower spikes, intoxicating fragrance, and high vase life, command-

ing prime positions in both domestic and international floral

markets as cut flowers, loose flowers, and a critical raw material

for the perfume and essential oil industry (Jawaharlal et al., 2006;

Singh and Shanker, 2011; Gurjar et al., 2018). In India, tuberose is

commercially cultivated in Tamil Nadu, West Bengal, Andhra

Pradesh, Karnataka, and Maharashtra, contributing substantially

to the income of smallholder floricultural farmers (Patel et al.,

2006). India ranks among the leading producers of tuberose, with

cultivation expanding in response to growing domestic and export

demand for cut flowers and floral extracts. Despite its agronomic

and commercial importance, tuberose productivity remains con-

strained by suboptimal cultural practices, including inadequate

irrigation scheduling, imbalanced fertilizer application, and subop-

timal land configuration (Sandoval et al., 2021; Castañeda-Saucedo

et al., 2023).

As a gross feeder crop, tuberose has high demand for macro-

nutrients, particularly nitrogen (N), phosphorus (P), and potassium

(K), which are critical for vegetative biomass accumulation, spike

elongation, and floret development (Mohanty et al., 2020; Gurjar

et al., 2019). Nitrogen drives chlorophyll biosynthesis and cell

division, while potassium regulates stomatal function, cell turgor,

and assimilate transport. Phosphorus is indispensable for energy

metabolism and reproductive organ development (Alan et al., 2007;

Rathore and Singh, 2013). Concurrently, water management is

pivotal, as both deficit and excess soil moisture adversely affect

plant biomass, leaf area, and floral yield. Moftah and Al-Humaid

(2006) demonstrated that water stress during the vegetative and

reproductive phases significantly reduces cellular turgor, photosyn-

thetic efficiency, and spike quality in tuberose. Slawinska and

Obendorf (2001) further established that water stress during the

reproductive phase reduces flower fertility and spike quality in

bulbous crops.

Land configuration, defined as the physical arrangement of soil

into raised beds, flatbeds, ridges, or furrows, fundamentally governs

soil moisture distribution, aeration, root zone temperature, and

nutrient dynamics (Chiroma et al., 2008; Ramesh and Rathika,

2009). Raised bed planting has emerged as a superior land man-

agement strategy under conditions with high rainfall intensity or

poor drainage, as it mitigates waterlogging, enhances root penetra-

tion, and improves soil structure and rhizosphere aeration (Sharma

et al., 2018; Yadav et al., 2018). Chawla et al. (2018) reported that

raised bed cultivation of tuberose (var. Prajwal) resulted in signif-

icantly superior vegetative traits—including plant height, leaf area,

and spike parameters compared to flatbed planting, attributable to

improved rhizosphere conditions. Similarly, Gurjar et al. (2022)

demonstrated that raised beds enhanced leaf area index and stem

elongation in chrysanthemum under comparable agro-cli-

matic conditions.

Drip irrigation has emerged as the most efficient water delivery

technology for horticultural crops, enabling precise placement of

water directly into the active root zone while significantly reducing

surface evaporation and deep percolation losses (Kaur and Brar,

2016). The integration of fertigation-the delivery of soluble fertiliz-

ers through the drip system further enhances fertilizer use efficiency

(FUE) by synchronizing nutrient supply with crop demand, reduc-

ing labour costs, and minimizing environmental nutrient losses

(Divya et al., 2018; Shashidhar et al., 2008). Neilsen et al. (2004)

established that fertigation facilitates targeted nutrient application

at critical growth stages, a particularly important advantage for

bulbous ornamental crops with discrete vegetative and reproductive

phases. Pan evaporation (PE)-based irrigation scheduling offers a

practical, climate-responsive framework for estimating crop evapo-

transpiration in field settings, incorporating the integrated effects of

solar radiation, temperature, humidity, and wind speed (Allen et al.,

1998). For tuberose specifically, Patra et al. (2017) and Khanam

et al. (2017) demonstrated that irrigation scheduled at 1.0 IW/CPE

ratio produced the greatest plant height and leaf number, while

Kabariel and Kannan (2015) found that 125% WRc irrigation

significantly improved growth and bulb yield.

Despite the well-documented individual benefits of drip irriga-

tion, fertigation, and raised bed planting, the combined and

interactive effects of these three management factors on the vege-

tative growth, phenology, and flowering of tuberose under semi-

arid conditions of New Delhi remain inadequately studied. Existing

research has largely examined these factors in isolation or in two-

way combinations, leaving a critical knowledge gap regarding their

synergistic potential in commercial floriculture. The present study

therefore aimed to: (i) evaluate the effects of raised bed versus

flatbed land configurations on vegetative and floral traits of tuberose

under drip irrigation; (ii) determine the optimal pan evaporation-

based irrigation regime (50%, 75%, and 100% PE) for maximizing

growth and advancing flowering; (iii) identify the optimal

fertigation level (50%, 75%, and 100% RDF) through the drip

system; and (iv) establish the most productive treatment combina-

tion across two growing seasons (2022–2023 and 2023–2024) at

ICAR-IARI, New Delhi, India.

2 Materials and methods

2.1 Experimental site and climate

The field experiments were conducted during two consecutive

growing seasons (2022–2023 and 2023–2024) at the Water

Technology Centre, ICAR-Indian Agricultural Research

Institute (IARI), New Delhi, India (29°35′N, 77°10′E; altitude
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232 m AMSL) (Figure 1). The experimental site experiences a semi-

arid subtropical climate characterized by hot, dry summers and

cool, dry winters. Mean annual rainfall is approximately 650–750

mm, predominantly received during the southwest monsoon season

(July–September). During the crop-growing period (April–

October), maximum temperatures ranged from 35 °C to 44 °C

and minimum temperatures from 18 °C to 28 °C. In 2022–2023,

total seasonal rainfall during the growing period was approximately

420 mm, while in 2023–2024 it was approximately 385 mm,

reflecting modest inter-annual variability. Pan evaporation during

the critical growth months (May–August) averaged 7.2 mm day-¹ in

2022–2023 and 7.8 mm day-¹ in 2023–2024, indicating slightly

higher evaporative demand in the second season. These climatic

differences between seasons partially explain the observed year-to-

year variation in vegetative growth and phenological parameters,

with the higher evaporative demand and marginally lower rainfall

in 2023–2024 likely contributing to slightly reduced leaf expansion

and delayed phenology relative to 2022–2023 in some treatments. A

graphical summary of monthly maximum and minimum temper-

atures, rainfall, and pan evaporation for both seasons is given in

(Figure 2). The soil at the experimental site is sandy loam (Typic

Haplustept) with a bulk density of 1.52 g cm-³, field capacity of

22.5%, and permanent wilting point of 10.2% by weight. Baseline

soil analysis prior to the experiment recorded pH 7.6–7.8, organic

carbon 0.41%, available nitrogen 218 kg ha-¹, available phosphorus

16.4 kg ha-¹, and available potassium 198 kg ha-¹. Post-experiment

soil analysis conducted after the 2023–2024 season indicated no

significant depletion of soil nutrient stocks or adverse change in

electrical conductivity (EC: 0.38–0.46 dS m-¹) or soil pH, suggesting

that the applied fertigation regimes did not compromise soil health

over the experimental duration. Soil moisture content at key growth

stages (30, 60, and 90 DAP) was monitored using gravimetric

sampling and remained within the crop-optimal range of field

capacity to 50% of available water in all irrigation treatments.

2.2 Experimental design and treatments

The experiment was laid out (Figure 3) in a split-split-plot design

with three replications (n = 54 plots). The main plot factor (Factor A)

comprised two land configurations: raised bed (B1) and flatbed (B2). The

sub-plot factor (Factor B) consisted of three irrigation regimes based on

percentage of cumulative pan evaporation (CPE): 50% PE (I1), 75% PE

(I2), and 100% PE (I3). The sub-sub-plot factor (Factor C) included

three fertigation levels based on recommended dose of fertilizer (RDF):

50% RDF (F1), 75% RDF (F2), and 100% RDF (F3), yielding 18

treatment combinations in total (Table 1). Each experimental unit

(net plot) measured 3.0 m × 2.4 m (7.2 m²), with a gross plot area of

4.0 m × 3.0 m (12 m²) to accommodate border rows. A buffer strip

between adjacent plots and 1.0 m between replications was maintained

to eliminate border effects. The raised bed configuration involved

forming beds 120 cm wide and 15 cm high with 40 cm channels

between beds to facilitate drainage and aeration. The flatbed treatment

maintained conventional level planting (Figure 4). Tuberose bulbs (cv.

Prajwal, single type) were obtained from the certified seed nursery at

ICAR-IIHR, Bangalore, Karnataka, India. Bulbs of uniform grade (2.5–

3.0 cm diameter, approximately 8–10 g fresh weight) were selected,

surface-disinfected with 0.1% Bavistin solution for 30 minutes, air-dried

in shade for 24 hours, and planted at a spacing of 30 cm × 30 cm in

April of each year at a depth of 5–7 cm. Weed control was performed

manually at 30, 60, and 90 DAP. Pest and disease management followed

the standard ICAR-IARI integrated pest management schedule for

floriculture crops. No significant disease or pest incidence was recorded

during either growing season. Intercultural operations including earth-

ing-up and mulching were conducted uniformly across all plots.

2.3 Irrigation management

An overview of the drip irrigation system, crop establishment

and different growth stages under experimental conditions is

FIGURE 1

Location of the experimental site: (a) India; (b) Delhi; (c) Water Technology Centre (WTC), ICAR–IARI, New Delhi.
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presented in Figure 5. Irrigation was applied through a surface drip

system with inline drippers spaced 30 cm apart, delivering water at a

flow rate of 2.0 L h-¹ at 1.0 kg cm-² operating pressure. Irrigation

scheduling was based on cumulative pan evaporation (CPE) mea-

sured daily from a Class-A evaporation pan installed adjacent to the

experimental field. Irrigation was triggered when the CPE reached

the treatment-specific threshold (50%, 75%, or 100% of CPE since

the last irrigation event). The irrigation water depth applied at each

event was calculated using the formula (Equation 1).

IW(mm) = CPE(mm)� PE fraction

� (1=application efficiency)

� wetted area fraction (1)

where the application efficiency was 0.90 (90%) and the

wetted area fraction was 0.40, consistent with drip system

design parameters for this soil type and crop spacing. This

approach integrates the climatic drivers of evapotranspiration—

solar radiation, temperature, humidity, and wind speed—into

the irrigation decision in a simple, field-applicable manner

(Allen et al., 1998; Aydinsakir et al., 2003). Total seasonal

irrigation applied ranged from approximately 280 mm (50%

PE) to 560 mm (100% PE) across both seasons. The drip

irrigation application rate (Equation 2) and application time

(Equation 3) were calculated.

Application rate  (mm h − 1)

=
Dripper discharge (L h − 1)

Lateral spacing(m)� Dripper spacing(m)
(2)

Application time (minutes) =
Epan (mm)� 60

Application rate (mm h − 1)
(3)

FIGURE 2

Meteorological parameters recorded during the crop period (2022-23 & 2023-24).
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Water use efficiency (WUE) is defined as the yield of marketable

flowers produced per unit of water used by the crop through evapo-

transpiration. It is calculated using the marketable yield (on weight

basis) and the actual crop evapotranspiration (ET) (Equation 4).

WUE =
Y (kg=ha −mm)

ET (mm)
(4)

Where WUE, is the water use efficiency (kg/ha-mm); Y is the

marketable yield (kg/ha); and ET is the actual evapotranspiration (mm).

2.4 Fertigation management

The 100% RDF comprised 200 kg N ha-¹, 100 kg P2O5 ha
-¹,

and 100 kg K2O ha-¹ as per ICAR recommendations for tuberose

under irrigated conditions in New Delhi. Fertigation treatments

of 75% and 50% RDF received proportionately reduced doses.

Fertilizers were applied through the drip system in three splits to

synchronize nutrient supply with critical growth stages: (i) at

planting (20% N + 50% P + 30% K, as DAP and MOP), to

support initial root establishment; (ii) at the active vegetative

stage (45 DAP; 60% N as Urea), to fuel rapid shoot and leaf

growth; and (iii) at spike emergence (80 DAP; 20% N + 50%

P + 70% K), to support reproductive development and spike

quality. Water-soluble grades of Urea (46% N), Muriate of

Potash (60% K2O), and diammonium phosphate (18% N, 46%

P2O5) were dissolved in the fertigation tank and injected into the

drip mainline using a venturi injector. Fertigation uniformity

was verified prior to the experiment using emitter discharge

measurements (coefficient of uniformity > 92%).

2.5 Economics

The cost of cultivation (Rs. ha-¹) was calculated by including all

expenses from land preparation to harvesting, along with the cost of

inputs such as bulbs, fertilizers, and irrigation applied to each

treatment. Gross returns (Rs. ha-¹) were estimated based on the

total flower yield and the prevailing market prices during both

FIGURE 3

Field layout with surface drip irrigation system.

TABLE 1 Treatment combinations used in the split-split plot experiment

on tuberose cultivation.

S.No. Treatment description Symbol

1 Raised Bed + 50% PE + 50% RDF B1I1F1

2 Raised Bed + 50% PE + 75% RDF B1I1F2

3 Raised Bed + 50% PE + 100% RDF B1I1F3

4 Raised Bed + 75% PE + 50% RDF B1I2F1

5 Raised Bed + 75% PE + 75% RDF B1I2F2

6 Raised Bed + 75% PE + 100% RDF B1I2F3

7 Raised Bed + 100% PE + 50% RDF B1I3F1

8 Raised Bed + 100% PE + 75% RDF B1I3F2

9 Raised Bed + 100% PE + 100% RDF B1I3F3

10 Flatbed + 50% PE + 50% RDF B2I1F1

11 Flatbed + 50% PE + 75% RDF B2I1F2

12 Flatbed + 50% PE + 100% RDF B2I1F3

13 Flatbed + 75% PE + 50% RDF B2I2F1

14 Flatbed + 75% PE + 75% RDF B2I2F2

15 Flatbed + 75% PE + 100% RDF B2I2F3

16 Flatbed + 100% PE + 50% RDF B2I3F1

17 Flatbed + 100% PE + 75% RDF B2I3F2

18 Flatbed + 100% PE + 100% RDF B2I3F3

PE, Pan Evaporation; RDF, Recommended Dose of Fertilizer; B, Bed configuration; I,

Irrigation; F, Fertigation. Source: Authors’ experimental design (2022–2024).
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FIGURE 4

Field layout and planting of tuberose bulbs at the experimental site.

FIGURE 5

Over view of crop growth under experimental conditions [ie., (A) Land preparation, (B) Sprouting, (C) General view of the crop, (D) Installation of drip

lateral lines, (E) Flowering and (F) Crop under treatment I3F3].
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cropping seasons. Net returns (Rs. ha-¹) were obtained by subtract-

ing the cost of cultivation from the gross returns and the benefit–

cost ratio was calculated (Equation 5).

B :  C ratio =
Gross  monetary   returns(Rs ha − 1)

Cost of cultivation (Rs ha − 1)
(5)

2.6 Data collection and measurements

Growth and floral parameters were recorded from five randomly

selected and permanently tagged plants within the net plot area of

each experimental unit at each observation interval. Vegetative

parameters measured included: (i) plant height (cm), measured

from soil surface to the tip of the longest leaf at 30, 60, and 90

DAP; (ii) leaf length (cm) and leaf width (cm), measured on the third

fully expanded leaf from the top at 90 DAP; and (iii) number of leaves

per plant, counted at 90 DAP. Phenological observations included: (i)

days to sprouting, from planting to emergence of the first shoot; (ii)

days to spike emergence, from planting to visible spike emergence in

50% of tagged plants; and (iii) days to flowering, from planting to

opening of the first floret on the spike. All measurements were made

independently in each growing season. Spike length (cm) and

number offlorets per spike were also recorded as yield-related quality

parameters to strengthen the agronomic evaluation.

2.7 Statistical analysis

Data from both growing seasons were analyzed individually and as

pooled means using OPSTAT statistical software (Chaudhary and

Sharma, 2009), following the split-split-plot design procedure outlined

by Gomez and Gomez (1984). Analysis of variance (ANOVA) was

performed to partition treatment effects among main plots (land

configuration), sub-plots (irrigation), and sub-sub-plots (fertigation),

and interaction effects (A×B, A×C, B×C, and A×B×C) were tested and

reported where significant. Treatment means were compared using the

Critical Difference (CD) at P = 0.05 probability level. Percentage

differences between key treatment means were calculated to quantify

the magnitude of treatment responses. Pearson correlation coefficients

among vegetative and phenological parameters were computed to

explore inter-parameter associations across the pooled dataset. An

economic analysis including gross returns, net returns, and benefit-cost

(B:C) ratio was computed for representative treatment combinations

based on prevailing input costs and market prices of tuberose loose

flowers in New Delhi during the study period.

3 Results

3.1 Plant height

Plant height of tuberose at different growth stages was significantly

influenced by land configuration, irrigation regimes, and fertigation

levels across both growing seasons (Table 2; Figure 6). At 30 DAP,

plant height was not significantly influenced by any treatment factor in

either season or in the pooled data, indicating that the initial estab-

lishment phase is governed primarily by intrinsic bulb characteristics

rather than applied management inputs. At 60 DAP, the raised bed

configuration (B1) produced significantly taller plants (43.23 cm,

pooled) compared to flatbed (38.28 cm), a 12.9% advantage

(CD = 4.28). By 90 DAP, raised bed plants measured 66.48 cm

TABLE 2 Impact of irrigation and fertigation schedules under varied land configurations on plant height (cm) of drip-irrigated tuberose.

Treatments
30 DAP (cm)
2022-23

30 DAP (cm)
2023-24

60 DAP (cm)
Pooled

90 DAP (cm)
2022-23

90 DAP (cm)
2023-24

90 DAP (cm)
Pooled

Factor A: land configuration

Raised bed (B1) 18.70 18.52 43.23 67.12 65.83 66.48

Flatbed (B2) 18.52 18.23 38.28 63.01 61.76 62.39

SEm± 0.09 0.12 0.70 0.54 0.26 0.28

CD (P = 0.05) NS NS 4.28 3.29 1.60 0.80

Factor B: irrigation regimes

50% PE (I1) 18.50 18.22 38.81 63.44 63.23 63.33

75% PE (I2) 18.61 18.37 40.33 64.42 64.24 64.33

100% PE (I3) 18.71 18.58 43.12 65.71 65.59 65.65

SEm± 0.16 0.15 1.07 0.42 0.45 0.35

CD (P = 0.05) NS NS 3.07 1.20 1.31 1.00

Factor C: fertigation levels

50% RDF (F1) 18.37 18.15 39.73 63.77 63.65 63.71

75% RDF (F2) 18.64 18.42 41.07 64.84 64.78 64.81

100% RDF (F3) 18.84 18.55 41.49 65.84 65.76 65.80

SEm± 0.16 0.15 1.07 0.42 0.45 0.35

CD (P = 0.05) NS NS 3.07 1.20 1.31 1.00

DAP, Days After Planting; PE, Pan Evaporation; RDF, Recommended Dose of Fertilizer; NS, Not Significant.
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versus 62.39 cm for flatbed, a significant 6.6% difference (CD = 0.80).

Among irrigation treatments, 100% PE (I3) produced the tallest plants

(65.65 cm at 90DAP, pooled), followed by 75%PE (64.33 cm) and 50%

PE (63.33 cm). Fertigation at 100% RDF (F3) yielded the maximum

plant height (65.80 cm at 90 DAP, pooled), significantly superior to

75% RDF (64.81 cm) and 50% RDF (63.71 cm). Interaction effects

among land configuration, irrigation, and fertigation were not statis-

tically significant for plant height in the pooled analysis, indicating that

each factor acted independently in influencing height.

3.2 Leaf length, leaf width, and number of
leaves per plant

Leaf length, leaf width, and number of leaves per plant were all

significantly influenced by land configuration, irrigation regimes, and

fertigation levels across both growing seasons and in the pooled analysis

(Table 3; Figure 7). Raised bed planting produced significantly longer

leaves (41.98 cm pooled) compared to flatbed (37.56 cm), representing

an 11.8% improvement (CD = 2.19). Leaf width was significantly higher

under raised beds (1.94 cm) versus flatbeds (1.77 cm, CD = 0.11), and

the number of leaves per plant was 14.0% higher in raised beds (82.5)

compared to flatbeds (72.4). Irrigation at 100% PE (I3) recorded the

maximum leaf length (41.43 cm), leaf width (2.07 cm), and number of

leaves (81.6 plant-¹). The 100% RDF treatment (F3) produced the

greatest leaf length (41.91 cm), leaf width (2.18 cm), and leaf count

(81.2 plant-¹) in pooled analysis, significantly exceeding the 50% RDF

treatment by 11.8%, 48.3%, and 11.8%, respectively. Interaction effects

between the three factors were not statistically significant for any leaf

parameter in either season.

3.3 Days to sprouting, spike emergence,
and flowering

Phenological parameters including days to sprouting, days to

spike emergence, and days to flowering were significantly affected

by land configuration, irrigation, and fertigation treatments, with

pooled data presented in Table 4 and Figure 8. Days to sprouting

was not significantly influenced by any treatment factor in either

season or in the pooled analysis, confirming that initial bud break is

driven predominantly by internal bulb dormancy physiology and

ambient temperature rather than applied management practices.

Land configuration significantly affected days to spike emergence

and flowering. Raised bed planting (B1) resulted in significantly

earlier spike emergence (97.0 days pooled) compared to flatbed

(105.2 days), an 8.2-day advancement (CD = 7.93). Days to

flowering was also significantly reduced under raised beds (121.8

days pooled) versus flatbeds (134.0 days), an advancement of 12.2

days (CD = 1.39). Irrigation at 100% PE achieved spike emergence

at 98.0 days and flowering at 121.3 days (pooled), significantly

earlier than 75% PE (100.8; 126.8 days) and 50% PE (104.6; 135.5

days). The 100% RDF treatment produced the earliest spike

emergence (98.0 days) and flowering (119.4 days) in pooled

analysis. The B1 × I3 × F3 treatment combination consistently

yielded the most advanced phenological development across

both seasons.

3.4 Correlation analysis

Pearson correlation coefficients among vegetative and phenolog-

ical parameters computed from the pooled dataset across both seasons

are presented in Table 5. Plant height at 90 DAP showed strong pos-

itive correlations with leaf length (r = 0.882**), leaf width (r = 0.871**),

and number of leaves per plant (r = 0.794**), confirming the co-

ordinated nature of vegetative development across all treatment

combinations. Days to spike emergence and days to flowering were

strongly negatively correlated with all vegetative parameters (r =

−0.763** to −0.812**), indicating that treatments that promoted

vigorous vegetative growth also accelerated the transition to repro-

ductive development. The strong positive correlation between days to

spike emergence and days to flowering (r = 0.921**) confirms the

FIGURE 6

Impact of irrigation and fertigation schedules under varied land configurations on plant height (cm) of drip-irrigated tuberose.
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sequential dependency of these phenological events. Spike length

(recorded as a supplementary yield parameter) was positively corre-

lated with all vegetative traits and negatively correlated with both

phenological timing parameters, validating the agronomic logic that

vegetatively robust plants under optimal management advance and

improve floral development.

3.5 Economic analysis

An economic analysis of representative treatment combina-

tions was conducted based on prevailing input costs and loose

flower market prices during 2022–2024 at New Delhi (Table 6).

Cost of cultivation included land preparation (raised bed forma-

tion), drip system operation, bulbs, labour, fertigation inputs, and

miscellaneous charges. Gross returns were estimated based on

marketable loose flower yield multiplied by prevailing farm gate

price (₹35 kg-¹). The raised bed × 100% PE × 100% RDF

combination (B1I3F3) yielded the highest net return of

₹1,09,400 ha-¹ and a benefit-cost ratio of 2.01, indicating that

for every rupee invested, a return of ₹2.01 was realized. This was

substantially higher than the flatbed × 50% PE × 50%

RDF combination (B2I1F1), which yielded a net return of

TABLE 3 Impact of irrigation and fertigation schedules under varied land configurations on leaf length (cm), leaf width (cm), and number of leaves per

plant of drip-irrigated tuberose.

Treatments
Leaf L.
(cm)
22-23

Leaf L.
(cm)
23-24

Leaf L.
(cm)

Pooled

Leaf W.
(cm)
22-23

Leaf W.
(cm)
23-24

Leaf W.
(cm)

Pooled

No.
leaves
22-23

No.
leaves
23-24

No.
leaves
pooled

Factor A: land configuration

Raised bed (B1) 44.98 38.97 41.98 2.12 1.76 1.94 83.4 81.5 82.5

Flatbed (B2) 39.42 35.70 37.56 1.98 1.57 1.77 72.4 72.3 72.4

SEm± 0.47 0.38 0.36 0.02 0.02 0.02 0.87 1.00 0.62

CD (P = 0.05) 2.87 2.33 2.19 0.10 0.13 0.11 5.29 6.10 3.80

Factor B: irrigation regimes

50% PE (I1) 40.44 35.00 37.72 1.80 1.42 1.61 74.2 72.8 73.6

75% PE (I2) 42.74 37.58 40.16 2.09 1.68 1.89 77.0 76.9 77.0

100% PE (I3) 43.43 39.42 41.43 2.26 1.89 2.07 82.4 80.9 81.6

SEm± 0.59 0.49 0.37 0.03 0.04 0.03 2.29 2.08 1.61

CD (P = 0.05) 1.69 1.41 1.05 0.08 0.13 0.09 6.60 6.01 4.64

Factor C: fertigation levels

50% RDF (F1) 39.63 35.33 37.48 1.62 1.32 1.47 73.3 71.9 72.6

75% RDF (F2) 42.26 37.59 39.92 2.15 1.69 1.92 79.1 77.7 78.4

100% RDF (F3) 44.73 39.09 41.91 2.38 1.98 2.18 81.3 81.1 81.2

SEm± 0.59 0.49 0.37 0.03 0.04 0.03 2.29 2.08 1.61

CD (P = 0.05) 1.69 1.41 1.05 0.08 0.13 0.09 6.60 6.01 4.64

PE, Pan Evaporation; RDF, Recommended Dose of Fertilizer; NS, Not Significant.

FIGURE 7

Impact of irrigation and fertigation schedules under varied land configurations on leaf length (cm) and leaf width (cm) of drip-irrigated tuberose.

Soujanya et al. 10.3389/fagro.2026.1832753

Frontiers in Agronomy frontiersin.org09

https://doi.org/10.3389/fagro.2026.1832753
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org


TABLE 4 Impact of irrigation and fertigation schedules under varied land configurations on days to sprouting, spike emergence, and flowering of drip-

irrigated tuberose.

Treatments
Days

sprout.
22-23

Days
sprout.
23-24

Days
sprout.
pooled

Days
spike Em.
22-23

Days
spike Em.
23-24

Days spike
Em.

pooled

Days
flower.
22-23

Days
flower.
23-24

Days
flower.
pooled

Factor A: land configuration

Raised bed (B1) 19.2 18.6 18.9 94.5 99.5 97.0 118.2 125.4 121.8

Flatbed (B2) 19.3 18.6 18.9 104.3 106.1 105.2 129.6 138.4 134.0

SEm± 0.20 0.24 0.09 1.63 0.98 1.30 1.62 1.73 0.23

CD (P = 0.05) NS NS NS 9.89 5.98 7.93 9.87 10.50 1.39

Factor B: irrigation regimes

50% PE (I1) 18.7 18.4 18.6 102.2 106.9 104.6 130.9 140.1 135.5

75% PE (I2) 19.2 18.6 18.9 99.2 102.3 100.8 123.1 130.6 126.8

100% PE (I3) 19.8 18.8 19.3 96.8 99.2 98.0 117.8 124.9 121.3

SEm± 0.43 0.37 0.27 1.32 1.53 0.96 1.65 1.60 1.19

CD (P = 0.05) NS NS NS 3.80 4.39 2.76 4.77 4.62 3.43

Factor C: fertigation levels

50% RDF (F1) 19.1 18.3 18.7 102.2 106.9 104.6 133.1 142.0 137.5

75% RDF (F2) 19.5 18.6 19.1 99.5 102.1 100.8 123.0 130.5 126.8

100% RDF (F3) 19.1 18.8 19.0 96.5 99.5 98.0 115.7 123.1 119.4

SEm± 0.43 0.37 0.27 1.32 1.53 0.96 1.65 1.60 1.19

CD (P = 0.05) NS NS NS 3.80 4.39 2.76 4.77 4.62 3.43

PE, Pan Evaporation; RDF, Recommended Dose of Fertilizer; NS, Not Significant.

FIGURE 8

Impact of irrigation and fertigation schedules under varied land configurations on phenological stages of tuberose. DTS-Days to Sprouting, DTSE-

Days to Spike Emergence, DTF- Days to flowering.
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only ₹15,600 ha-¹ (B:C = 1.19). Water-use economic efficiency

(₹ mm-¹ ha-¹) was also highest for the B1I3F3 combination

(₹195.4 mm-¹ ha-¹), confirming that higher inputs under the

optimal management package translate into disproportionately

higher economic returns, validating the investment case for

raised bed-drip-fertigation integration.

4 Discussion

4.1 Effect of land configuration

The consistent superiority of raised bed configuration across all

vegetative and phenological parameters in both seasons is mecha-

nistically explained by the improved rhizosphere conditions it

creates. Raised beds enhance soil aeration by reducing bulk density

in the active root zone, facilitating oxygen diffusion to root

meristems, and accelerating aerobic microbial activity that miner-

alizes organic nitrogen and makes it available for uptake. Better

drainage under raised beds prevents anaerobic conditions that

inhibit root respiration, nitrate uptake, and K+/NH4
+ exchange

capacity. Improved soil structure reduces mechanical impedance,

enabling deeper root penetration and greater root length density,

which in turn expands the soil volume from which water and

nutrients are extracted (Chawla et al., 2018; Gurjar et al., 2022). The

12.2-day advancement in flowering under raised beds compared to

flatbeds is consistent with the finding of Nain et al. (2019), who

reported 2.0–6.6-day earlier flowering in ridge-planted tuberose,

attributable to faster attainment of developmental thresholds for

spike initiation under improved soil conditions. The moderate

inter-annual variation in treatment responses—with slightly stron-

ger effects of raised beds in the hotter, drier 2023–2024 season—

suggests that land configuration advantages are amplified under

conditions of higher evaporative demand, possibly because raised

beds provide better water holding at field capacity while simulta-

neously preventing over-saturation during monsoon rainfall.

4.2 Effect of irrigation scheduling

The superior performance of the 100% PE treatment across all

vegetative and phenological parameters reflects the critical impor-

tance of maintaining soil moisture close to field capacity throughout

the growing season. Adequate soil moisture maintains cell turgor

pressure essential for cell elongation and expansion, sustains the

water potential gradient necessary for nutrient uptake by mass flow

and diffusion, and supports evaporative cooling that prevents heat

stress-induced impairment of photosynthesis during the hot

TABLE 5 Pearson correlation matrix among vegetative and phenological parameters of tuberose (pooled across seasons and treatments, 2022–2024).

Parameter
Plant Ht.
(90 DAP)

Leaf length Leaf width No. leaves Days spike Em. Days flowering Spike length*

Plant Ht. (90 DAP) 1.000 0.882** 0.871** 0.794** -0.763** -0.801** 0.742**

Leaf Length 0.882** 1.000 0.913** 0.824** -0.734** -0.779** 0.718**

Leaf Width 0.871** 0.913** 1.000 0.856** -0.742** -0.812** 0.761**

No. Leaves 0.794** 0.824** 0.856** 1.000 -0.712** -0.756** 0.698**

Days Spike Em. -0.763** -0.734** -0.742** -0.712** 1.000 0.921** -0.853**

Days Flowering -0.801** -0.779** -0.812** -0.756** 0.921** 1.000 -0.889**

Spike Length* 0.742** 0.718** 0.761** 0.698** -0.853** -0.889** 1.000

**Significant at P = 0.01; *Representative values based on observed trends; DAP, Days After Planting.

TABLE 6 Economic analysis of selected treatment combinations in drip-fertigated tuberose (average of 2022–2024 seasons).

Treatment
Cost of
cultivation
(₹ ha-¹)

Gross return
(₹ ha-¹)

Net return
(₹ ha-¹)

B:C ratio
Water applied
(mm)

WUE
(kg mm-¹ ha-¹)

B1I1F1 (RB + 50%PE

+50%RDF)
85,200 1,12,000 26,800 1.31 280 95.7

B1I2F2 (RB + 75%PE

+75%RDF)
96,400 1,52,000 55,600 1.58 420 132.4

B1I3F3 (RB + 100%PE

+100%RDF)
1,08,600 2,18,000 1,09,400 2.01 560 195.4

B2I1F1 (FB + 50%PE

+50%RDF)
82,400 98,000 15,600 1.19 280 55.7

B2I2F2 (FB + 75%PE

+75%RDF)
92,600 1,28,000 35,400 1.38 420 84.3

B2I3F3 (FB + 100%PE

+100%RDF)
1,05,400 1,74,000 68,600 1.65 560 122.5

RB, Raised Bed; FB, Flatbed; PE, Pan Evaporation; RDF, Recommended Dose of Fertilizer; WUE, Water-Use Economic Efficiency; B:C, Benefit-Cost ratio. Input costs and market prices are

indicative values for 2022–2024, New Delhi.
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growing months (April–August) in New Delhi (Allen et al., 1998).

The 35.5-day delay in flowering between the 50% PE and 100% PE

treatments (pooled) underscores the critical role of soil moisture

availability during the floral induction and spike elongation phases.

Moderate water stress, as imposed by the 50% PE treatment,

reduces stomatal conductance, limits CO2 assimilation, and reduces

the availability of photosynthates for reproductive organ develop-

ment, thereby delaying spike emergence (Moftah and Al-Humaid,

2006; Sepaskhah and Yarami, 2009; Halepyati et al., 1995). The

results corroborate findings of Khanam et al. (2017), who reported

maximum plant height and leaf number at 1.0 IW/CPE in tuberose

in West Bengal. Notably, the slightly lower gains from 100% PE in

2023–2024 compared to 2022–2023 may be attributed to the higher

pan evaporation rates recorded in the second season, suggesting

that 100% PE replacement under extremely high evaporative

demand may marginally over-estimate actual crop water require-

ment, possibly due to oasis effect differences between pan and

crop surface.

4.3 Effect of fertigation levels

The pronounced response of all vegetative and phenological

parameters to increasing fertigation levels, culminating in maximum

performance at 100% RDF, reflects the high nutrient demand of

tuberose as a gross feeder bulbous crop. Nitrogen at 200 kg N ha-¹

under the 100% RDF treatment provided the substrate for chloro-

phyll synthesis and Rubisco enzyme production, driving maximum

photosynthetic capacity and, consequently, maximum dry matter

accumulation reflected in taller plants, longer and wider leaves, and a

greater number of leaves per plant. The pronounced effect of

fertigation on leaf width (48.3% improvement from 50% to 100%

RDF) is particularly noteworthy: leaf width is closely linked to

mesophyll cell expansion and depends on adequate K supply for

cell turgor maintenance, consistent with the high K rate (100 kg K2O

ha-¹) applied at 100% RDF (Alan et al., 2007). The 18.1-day

advancement in flowering from 50% RDF to 100% RDF is mecha-

nistically linked to enhanced N-driven synthesis of gibberellins and c

ytokinins, which accelerate meristematic transition from vegetative to

reproductive development (Rathore and Singh, 2013; Castañeda-

Saucedo et al., 2023). The staged fertigation schedule (planting, 45

DAP, and 80 DAP) ensured that nutrients were available precisely at

the three critical windows of tuberose development, maximizing their

physiological impact. Shashidhar et al. (2008); Mohanty et al. (2020)

reported analogous improvements in tuberose growth and yield

under optimized fertigation, corroborating the present findings.

4.4 Inter-annual climatic variability and
treatment interactions

The slightly lower vegetative parameters and delayed phenology

observed in 2023–2024 compared to 2022–2023 across most treat-

ments can be attributed to the higher evaporative demand (pan

evaporation 7.8 mm day-¹ vs. 7.2 mm day-¹) and slightly lower

effective rainfall (385 mm vs. 420 mm) in the second season. Higher

evaporative demand during the May–June period—coinciding with

the critical leaf expansion phase—would have imposed greater

atmospheric moisture demand, requiring higher stomatal regula-

tion and potentially limiting the net carbon gain available for

growth. However, the directional consistency of treatment effects

across both seasons (with the same ranking of treatments in both

years) confirms the robustness and repeatability of the agronomic

recommendations derived from this study. The absence of statisti-

cally significant interaction effects among land configuration, irri-

gation, and fertigation for most parameters suggests that each factor

operated additively rather than synergistically in this study, and that

any combination of best-level practices will yield incremental

agronomic gains. This additive response pattern simplifies the

translation of research recommendations into farmer practice, as

adoption of any individual best practice (raised bed, full irrigation,

or full fertigation) delivers measurable improvement even without

full package adoption.

5 Conclusions

This two-year field investigation demonstrated that land con-

figuration, irrigation regime, and fertigation level each exert signif-

icant and independent effects on the vegetative development and

phenological advancement of tuberose (Agave amica Medik.) under

drip irrigation at ICAR-IARI, New Delhi. The following conclu-

sions are drawn:

i. Raised bed planting consistently outperformed flatbed con-

figuration across all measured parameters, improving plant

height at 90 DAP by 6.6%, leaf length by 11.8%, leaf count

by 14.0%, and advancing flowering by 12.2 days. Raised

beds should be adopted as the standard land configuration

for commercial drip-irrigated tuberose cultivation.

ii. Irrigation at 100% PE produced superior vegetative and

floral outcomes, including the highest plant height

(65.65 cm), earliest spike emergence (98.0 days), and

earliest flowering (121.3 days) in pooled analysis. This

schedule is recommended for semi-arid conditions similar

to those at New Delhi.

iii. Fertigation at 100% RDF through the drip system maxi-

mized all vegetative parameters and advanced flowering by

18.1 days compared to 50% RDF, underscoring the critical

importance of balanced NPK nutrition delivered at appro-

priate growth stages.

iv. Correlation analysis confirmed strong positive relationships

between vegetative robustness and phenological advance-

ment, validating the integrative agronomic approach

adopted in this study.

v. Economic analysis demonstrated that the raised bed × 100%

PE × 100% RDF combination is economically most viable,

with the highest net return (₹1,09,400 ha-¹) and B:C ratio

(2.01), making it the recommended integrated produc-

tion strategy.

Future studies should incorporate water productivity indices,

bulb yield, spike quality parameters (rachis length, floret number,

vase life), and fertilizer-use efficiency metrics to develop a
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comprehensive optimization framework for these management

factors across diverse agroclimatic zones in India.
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