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Changing climates threaten crop growth and fodder yields in dryland farming. This study assessed 
two radish genotypes (LINE 2, ENDURANCE) under three water regimes (W1 = well-watered, 
W2 = moderate stress, W3 = severe stress) and two leaf harvesting options over two seasons (2021/22 
and 2022/23). Key findings revealed that water regime significantly (P < 0.05) affected WUE, with W2 
yielding (4.71 kg ha-1 mm-1) higher values. The combination of W3 and LINE 2 biomass were reduced 
by ≈ 60.09% in 2021/22 and ≈ 71.06% in 2022/23, whereas ENDURANCE declined by ≈ 63.9% and 
≈ 53.33%. Tuber yield was highest under W1 and W2, with ENDURANCE yielding 59 t ha-1 (W1) and 
48 t ha-1 (W2). Generally, W2 reduced micronutrient concentration (iron, zinc, β-carotene and vitamin 
C). For example, W2 improved vitamin E and key findings showed that human dietary for women and 
children can be met. The W3 exceeded vitamin E, iron, and zinc recommendations for all ages. The 
genotypes showed similar biomass and CP yield under W2 and W1, indicating moderate water stress 
can sustain yields. These findings highlight the importance of strategic water management for food 
and fodder security, while meeting nutritional needs in water-scarce regions.

Keywords  Climate change, Drought, Food security, Fodder security, Human nutrition, Water use

The Global Aridity Index suggests that dryland production of food will gradually expand, despite the challenge 
of changing climates1. South Africa, already ranked as one of the thirty driest countries globally2, is already 
experiencing water stress and faces the looming possibility of worsening aridity towards 20503. Predictions 
indicate that by 2030, South Africa is projected to experience a significant increase in both human population 
and livestock numbers. With the population anticipated to grow considerably, reaching an estimated 
68.8  million people with rapidly increasing in-migration4, the demand for food, water and resources will 
intensify. Concurrently, the livestock sector is expected to expand to meet the growing protein requirements of 
the populace, with a projected increase in cattle and beef consumption5.

The global challenge of food insecurity is pressing, with the imperative to guarantee universal access to a 
substantial, safe and nutritious food supply more crucial than ever. Regarding the severity of adverse impacts 
concerning Sustainable Development Goal (SDG) 2, aiming for Zero Hunger for all by 2030, global food 
insecurity is significant. Currently, 720 to 811 million individuals suffer from undernourishment, with around 
2.3 billion people affected by malnutrition6. According to the Food and Agricultural Organisation6, drought 
caused a 34% drop in crop and livestock production in the least developed and lower-middle-income countries, 
resulting in a $37 billion loss. Furthermore, in impoverished rural areas of South Africa, drought has resulted 
in higher livestock mortality rates due to the unavailability of forage, adversely impacting food supply and 
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increasing food prices7. In addition to drought, warmer temperatures are expected to promote the growth of 
woody plants over grass in certain grasslands of South Africa, potentially worsening the challenge of providing 
adequate feed for livestock8. This prediction highlights the urgent need for the country to support a larger 
population amid weakening water resources sustainably. However, the solution extends beyond mere quantity; 
it requires intensive effort to produce highly nutritious crops efficiently.

Since the United Nations General Assembly adopted the SDGs in September 2015, several strategies have 
been implemented to achieve SDG 1 (No Poverty) and SDG 2 (Zero Hunger). Amidst South Africa’s water 
stress and the impending rise in population, the narrative shifts towards exploring viable strategies to navigate 
this challenge. Water use efficiency (WUE) and Water Productivity (WP) emerge as crucial concepts. While 
WUE focuses on maximising the yield per unit of water used, WP considers the overall output per unit of water 
consumed, including crop and livestock production2. In crop production, selecting the right genotype is one of 
the most critical agronomic practices for achieving high productivity9. The choice of an optimal crop variety 
depends primarily on its ability to efficiently utilise nutrients10,11, its resilience to environmental stresses12, 
and its overall yield potential13. Hence, the selection of crops becomes pivotal, emphasising the importance of 
choosing varieties that not only meet human nutritional needs but also cater to the requirements of livestock, 
ensuring a holistic approach to water management and food security.

Other approaches include climate-smart forages or crops, dietary modifications, distributing vitamin-rich 
supplements and fortifying staple foods. However, during the COVID-19 period in South Africa, while many 
supplemented with vitamin C, rural resource-poor households with limited resources could not afford these 
supplements. Since 34% of rural South African families rely on agriculture, implementing food-based initiatives 
could alleviate nutritional food insecurity in the country14. With a focus on utilising sweet potato leaves as a 
source of green vegetables during the summer season to alleviate food scarcity, Nyathi15 examined the feasibility 
of integrating sweet potatoes into both animal feed and human diets. Senekal16 recommended consuming dark 
green vegetables, including Brassicaceae, for food nutritional security in South Africa.

In South Africa’s water scarcity and the need for efficient water management strategies, the relevance of 
fodder radish emerges as a potential solution. To ensure the efficient use of scarce water resources, it is critical to 
implement strategies that conserve water while maintaining crop productivity17. One effective approach is deficit 
irrigation, where water is applied at levels below the crop’s full requirement, a practice that can improve water-
use efficiency in irrigation programs18,19. However, this practice often reduces soil moisture, limiting nutrient 
availability and uptake20. Moreover, insufficient water supply can expose plants to drought stress, leading to 
nutrient imbalances that ultimately decrease both yield and crop quality21.

Fodder radish, known for its deep taproots and ability to thrive in diverse soil conditions, holds promise 
as a water-efficient crop. Therefore, there is a pressing need to evaluate the WUE of fodder radish genotypes 
and assess their suitability in meeting the nutritional requirements of humans and livestock. As far as it can be 
ascertained, there is no study has evaluated the dual usage (leafy vegetable and storage root) of fodder radish, 
and these genotypes were bred for biomass enhancement22. Findings of this study will serve as a benchmark. The 
study’s objectives were (i) to assess the effect of different water regimes on the growth, biomass accumulation, 
and nutrient content of fodder radish, and (ii) to examine the impact of leaf harvesting on tuber yield. We 
hypothesised that: (i) leaf harvesting will reduce the tuber yield of fodder radish, and (ii) no leaf harvesting 
combined with a well-watered irrigation regime will improve the tuber yield of fodder radish. Additionally, 
a well-watered regime is expected to enhance growth, biomass accumulation, and nutrient content in fodder 
radish.

This study revealed several constraints that may affect the generalisability and practical applicability of 
its findings. First, it was conducted at a single site (Roodeplaat, Pretoria, South Africa), thereby limiting the 
generalisability of the findings to regions with differing climatic, soil, and environmental conditions. The study 
did not examine the impact of various cooking methods, such as boiling, frying, steaming, or grilling, on the 
nutrient composition of fodder radish, thereby leaving a gap in the understanding of its nutritional value in 
practical dietary contexts. The study focused solely on two genotypes, “LINE 2” and “ENDURANCE,” thereby 
restricting insights into the performance of other potentially relevant genotypes. While covering two seasons, 
it did not account for the variability of long-term climatic conditions, potentially limiting the applicability of its 
findings in extreme or exceptional weather situations. While nutrient concentrations were evaluated, the study 
did not examine the bioavailability of these nutrients to humans or cattle, which may vary based on factors such 
as soil characteristics, genetic factors, and water stress conditions.

Materials and methods
Site description and soil quality attributes
The experiment was conducted in Roodeplaat, Pretoria, Gauteng Province (25° 60′ S; 28° 35′ E; 1168 m a.s.l.), 
South Africa. While normal field conditions were used, rainfall data were excluded since the rain shelter is 
designed to close when rainfall starts23 (Fig. 1a,b). Nyathi15 presented long-term climate data from 1990 to 2015, 
showing that a place receives 650 mm of summer rainfall annually, most occurring between October and March, 
the main summer rainfall season. A maximum average temperature of 30 °C is normally experienced during 
January. Soil classification, done according to the USDA24, indicated that the soil is a sandy clay loam with a field 
capacity of 291 mm m− 1 and a permanent wilting point of 20 mm m− 1. The chemical properties of the topsoil 
(0.3 m) were used as a guide to supply fertiliser requirements for radish (Table 1).

Plant material
Germplasm was obtained from the Agricultural Research Council (ARC) of South Africa (API Cedara seed 
bank) to develop the two genotypes used for the study: ENDURANCE and LINE 2. The genotypes were bred to 
provide high-quality forage for grazing livestock in late winter. They were derived from a cross between a very 

Scientific Reports |        (2024) 14:31315 2| https://doi.org/10.1038/s41598-024-82727-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


late flowering fodder radish line “PG 1” from Pyne Gould Wrightson Seeds, New Zealand, and ARC- AP Cedara 
fodder radish genotypes Geisha and Sterling. ENDURANCE and LINE 2 were selected for late flowering and 
high-yielding traits. These fodder radish genotypes have similar characteristics to annual cool season crops, 
hairless soft leaves, a shoot system (broad-leafy plants), and a root system (large tube but differed in size). 
However, they differ in flowering behaviour and flower colour22.

Trial layout and design
The experiment was conducted under a rain shelter at ARC-VIMP Roodeplaat, Pretoria, South Africa, across 
two winter seasons (2021/2022 and 2022/2023) using a 3 × 2 × 2 factorial design. The factors were three irrigation 
water regimes [well-watered (W1), moderate water stress (W2), and severe water stress (W3)], two fodder radish 
varieties [variety 1 (ENDURANCE) and variety 2 (Line 2)], and leaf harvesting [no leaf harvesting (H1) and 
leaf harvesting (H2)]. The experiment was a randomised complete block design, replicated three times. Table 2 
presents the meteorological conditions [maximum and minimum temperatures (°C), total solar radiation (MJ 

Seasons Nutrients Average per 0.3 m depth Fertility status

2021/2022

P 98.80 High

K 122.00 Low

Ca 1730.00 Moderate

Mg 2.89 High

Na 91.70 Fair

Sand (%) 74.00

Silt (%) 6.00

Clay (%) 18.00

pH 7.80 Slightly alkaline

2022/2023

P 94.1 High

K 142.00 Low

Ca 1800 Moderate

Mg 371.00 High

Na 47.80 Low

Sand (%) 72.00

Silt (%) 6.00

Clay (%) 20.00

pH 8.00 Moderately alkaline

Table 1.  Chemical properties (mg. kg− 1, unless otherwise stated) of the topsoil layer (0.3 m) for the 
experimental site.

 

Fig. 1.  Rain shelter site: (a) Rain shelter closed during rainfall, (b) Rain shelters are open during non-rainy 
periods22.
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m− 2), cumulative reference evapotranspiration (mm), U2 Average Wind Speed (ms− 1), CU Total Cold Units 
(unitless), HU Total Heat Units (unitless) and vapour pressure deficit (kPa)]. Total rainfall (mm) was excluded 
as the rain shelter excluded rain (Fig. 1). Before planting, aluminium access tubes were installed in the middle of 
each plot to a depth of 1 m. A neutron water meter (CPN, 503 DR Hydroprobe, USA) calibrated for the site with 
wet and dry profile measurements was utilised to measure soil water content. Compensating non-leaking (CNL) 
Urinam dripper lines maintain an irrigation discharge rate of 2.3 L per hour. Irrigation scheduling was based on 
irrigation regimes (W1, W2 and W3).

Irrigation management and scheduling
For plant establishment, fodder radish crops were irrigated with 14 mm water over three weeks in the 2021/22 
season. In the 2022/23 season, they received 13.8 mm of water over the same period before the treatments were 
imposed. Irrigation was applied three times every week. Plants were irrigated in the mornings to ensure water 
availability during peak demand. The total amount of irrigation water applied was recorded for all irrigation 
levels, including water applied before the introduction of treatments. A neutron probe reading monitored the 
soil water status during the growing period. Plants were irrigated to refill capacity when they experienced a 30% 
loss of available water (W1), and the same procedure was followed for 50% (W2) and 80% (W3) loss. The field 
capacity was 291 mm m− 1 and a permanent wilting point of 20 mm m− 1. During the trial, treatments received 
different water levels; for the 2021/2022 season, W1 = 305 mm, W2 = 221 mm and W3 = 180 mm. and for the 
2022/2023 season, W1 = 366 mm, W2 = 245 mm and W3 = 188 mm.

Soil water content
Figure  2 shows that the interaction between soil water content and season was not significantly different 
(P = 0.54). However, the water regime and season were significantly different (P < 0.0001). During the 2021/22 
season, soil water content was 42 mm for well-watered, 36 mm for moderate stress, and 28 mm for severe stress. 

Fig. 2.  Soil water content on different water regimes during S1 = 2021/22 and S = 2022/23 season, Error 
bars represent standard errors of the means. The letters above the error bars indicate significant differences 
(P < 0.0001).

 

Season Month Tmax Tmin Rs U2 ET0 HU CU VPD

2021/2022

May 27.90 3.78 15.09 0.70 2.95 4.01 2.60 0.97

June 22.89 1.88 13.13 0.79 2.46 1.31 5.13 0.80

July 21.29 0.06 16.24 0.53 2.80 0.77 5.5 0.82

August 25.33 5.18 20.79 1.08 4.52 6.15 -1.00 1.09

September 29.63 8.87 19.54 1.13 1.56 4.14 9.09 1.61

2022/2023

May 21.95 2.81 11.80 1.03 2.14 2.51 4.00 0.97

June 27.04 2.27 13.91 0.87 2.98 3.08 3.5 0.98

July 23.64 1.42 16.24 0.53 2.80 0.77 5.5 0.92

August 30.50 4.90 20.79 1.08 4.52 6.15 −1.00 1.09

September 24.87 15.35 12.89 1.72 22.6 2.95 9.36 1.60

Table 2.  Monthly means of meteorological data for 2021/2022 and 2022/2023 winter seasons from planting 
to the final harvest date. Tmax   Daily maximum temperature, °C,  Tmin   Daily minimum temperature, °C,  
Rs =Total radiation (MJ m − 2),  U2  Average wind speed (m s− 1),  ET0    Total relative evapotranspiration, (mm), 
HU   Total heat units, CU    Total cold units,  VPD  Vapour pressure deficit (kPa).
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In the 2022/23 season, values increased to 47 mm (well-watered), 40 mm (moderate stress), and remained at 
28 mm (severe stress). Overall, soil water content was higher in the 2022/23 season, regardless of the water 
regime.

Agronomic practice and data collection
Before initiating land preparation, soil samples were collected from each plot using a 30 cm auger for subsequent 
chemical analysis (Table 1). The land underwent mechanical ploughing before planting seeds. Seeds were sown 
in individual plot size of 4.6 m2 with inter-row and intra row spacing of 0.3 m × 0.3 m making it a total of 
111.111 plants ha− 1. Manual weed removal occurred before planting and continued throughout the experiment. 
Hand sowing was performed at a depth of 1 cm, and twelve plants were tagged to measure plant height and leaf 
number.

Throughout the growing seasons, the Leaf Area Index (LAI) was measured at two-week intervals utilising the 
LAI-2000 canopy analyser (Licor, Lincoln, NE, USA). Chlorophyll content index (CCI) readings were obtained 
using a SPAD-502 Plus chlorophyll meter (Konica Minolta, Osaka, Japan) on the adaxial surface of the first fully 
expanded, fully exposed leaf between 13:00 and 15:00, from crop establishment to the end of flowering. Stomatal 
conductance measurements were recorded 4, 8, and 12 weeks after planting with the SC-1 leaf porometer 
(Decagon Devices, Pullman, WA, USA).

Fodder radish leaves were harvested four times during the growing seasons, with data from the middle rows 
(1.8 m2) utilised to avoid border effects. Fresh mass was determined by weighing freshly harvested aboveground 
biomass (AGB, including leaves, stems, and tuber) and aboveground edible biomass (AGEB, leaves only without 
stems). Subsequently, samples underwent oven drying at 75 °C for 3–4 days, and the dry biomass was measured. 
Various plant parameters, including Relative Crop Growth (RGR), Relative Height Rate (RHR), Harvest Index 
(HI), Fractional Interception of Photosynthetically Active Radiation (PAR), Radiation Use Efficiency (RUE), and 
Water use efficiency (WUE) were all calculated (Table 3). Canopy extension coefficient (k) values for PAR were 
obtained from Archontoulis25. Plant height measurements were taken using a tape measure, and the number of 
leaves counted at harvest occurred after four months. Tubers’ length and diameter were measured using a ruler 
and digital vernier calliper. Each plant was separated into leaves and tubers, placed in labelled sampling bags, 
and weighed to determine fresh mass. Dry mass was determined after drying the leaf plant material at 75 °C for 
3–4 days and tubers at 75 °C for 4–5 days.

Determination of β-carotene, vitamin C, vitamin E, iron and zinc mass concentrations
The aboveground edible biomass (AGEB) of fodder radish was separated into leaf blades and petioles. Leaf blades, 
collected at 12 weeks post-planting, were thoroughly washed with distilled water to remove debris. Subsequently, 
500 g of the samples were placed in transparent, airtight plastic polythene bags and promptly transported to 
ARC-VOP laboratories to analyse β-carotene, vitamin C, vitamin E, iron, and zinc mass concentrations14. Iron 
and zinc mass concentrations were determined following the method recommended by the Association of 
Official Analytical Chemists26. The leaf samples were oven-dried at 80  °C for 24 h, and their water contents 
were calculated. The samples were stored in airtight containers after grinding in a Wiley mill with a number 20 
stainless steel sieve. The protocol by the Association of Official Analytical Chemists26 was followed to determine 
iron and zinc nutrient concentration using an inductively coupled plasma atomic emission spectrometer. For 
β-carotene, vitamin C, and vitamin E analysis, duplicate samples were processed at the ARC-VOP biotechnology 
laboratory. Fresh mass was determined, and the samples were frozen and stored at −80 °C before freeze-drying. 
The extraction of β-carotene, vitamin C, and vitamin E was performed using tetrahydrofuran methanol (1:1 vol/
vol), following the method outlined by Moyo27. Extracts were analysed using an HPLC-DAD system (Shimadzu, 
Kyoto, Japan) at a wavelength of 450 nm. A 5-point standard curve covering the concentration range of the 
samples was constructed for the quantitative analysis of β-carotene, vitamin C, and vitamin E.

Equations Descriptions Number

WUE = T otal biomass
T W A

Where WUE is water use efficiency, total bio is above-ground biomass plus tuber biomass, and TWA is 
the total water applied 1

HI (%) = AGEB
AGB

x 100 HI is the harvest index (%); AGEB is the above-ground edible biomass (g m − 2); AGB is the total above-
ground biomass (g m− 2). 2

RGR = (lnM2−lnM1)
t2−t1 Where M1 and M2 represent initial and final biomass at times t1 and t2 respectively 3

RHR = (lnH2 −lnH11)
t2−t1 Where H1 and H2 represent initial and final height at times t1 and t2 respectively. 4

F I = 1 − exp (−LAI x k) Where FI is fractional interception (unit-less), LAI is the leaf area index, and k is the light extinction 
coefficient (unit-less). 5

LI = FI x Rs Where LI is light intercepted (MJ m − 2), Rs is total radiation (MJ m− 2). 6

RUE = AGB∑
LI Where RUE is radiation use efficiency (g MJ − 1); AGB (g m-2); LI (MJ m− 2). 7

NY = (AGEB x NC) Where NY is nutritional yield (g ha− 1); AGEB (g m− 2); NC is nutritional content (mg g− 1 ). 8

Table 3.  Equations used to calculate study parameters.
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The possible contribution to human nutrition
The concentration of β-carotene was transformed into Vitamin A (µg RAEs - retinol activity equivalents), 
following the guidelines of Trumbo28, where 1 µg RAE equals 1 µg retinol, corresponding to 12 µg of β-carotene. 
The daily recommended nutrient intakes (DRNI) for iron, zinc, β-carotene, and vitamins C and E across different 
age groups were obtained from Uusiku29. The percentage contribution to DRNI was determined by dividing the 
nutrient concentrations (iron, zinc, vitamins C, E and β-carotene, mg 100 g⁻¹) by the nutrient requirements in 
mg day⁻¹, then multiplied by 100. To assess the potential contribution of 1 hectare for a family of six individuals, 
nutritional yield data (iron, zinc, vitamin C, E and β-carotene NYs, g ha⁻¹) were multiplied by 10 (mg day⁻¹ ha⁻¹) 
and divided by DRNI (mg day⁻¹ per person).

The vitamin A, C, and E, iron, and zinc requirements for a family of six individuals
“Vitamin A requirements for a household of six [(one adult male = 600 µg RAE day− 1; one adult female = 500 µg 
RAE day− 1; two 1–3-year infants (2 × 400 µg = 800 µg RAE day− 1); two 4 -18-year children (2 × 600 µg = 1200 
µg RAE day− 1); total = 3100 µg RAE day-1)]. For vitamin C requirements for a household of six [(one adult 
male = 90 mg day− 1; one adult female = 75 mg day− 1; two 1–3-year infants (2 × 15 mg = 30 mg day− 1); 4–18-
year children (2 × 65  mg = 130  mg day − 1); total = 334 mg day− 1). Vitamin E [(one adult male = 15  mg 
day− 1; one adult female = 15  mg day− 1; two 1–3-year infants (2 × 6  mg = 12  mg day− 1); 4–18-year children 
(2 × 15  mg = 60  mg day− 1); total = 102 mg day− 1). Iron requirements for a household of six [(one adult 
male = 13.7  mg day− 1; one adult female = 29.7  mg day− 1; two 1–3-year infants (2 × 5.8  mg = 11.6  mg day− 1); 
4–18-year children (2 × 32.7 mg = 65 mg day− 1); total = 120 mg day− 1)]. Zinc requirements for a household of 
six [(one adult male = 14 mg day− 1; one adult female = 9.8 mg day− 1; two 1–3-year infants (2 × 8.3 mg = 16.6 mg 
day− 1); 4–18-year children (2 × 14.4 mg = 28.8 mg day− 1); total = 69.2 mg day− 1)]”. The approach used for these 
calculations followed the methodology outlined by Nyathi14.

The possible contribution to livestock nutrition
The percentage contribution to livestock requirement was determined by dividing the nutrient concentrations 
(CP mg 100  g⁻¹) by the nutrient requirements in mg day⁻¹, then multiplied by 100. To assess the potential 
contribution of 1 hectare for six livestock, nutritional yield data (CP NYs, g ha⁻¹) were multiplied by 10 (mg day⁻¹ 
ha⁻¹) and divided by the recommended CP level (mg day⁻¹ per class of animal). Crude protein requirements 
for cattle, goat and sheep [(2 x cattle (7000 mg 100 g⁻¹ = 1400 mg 100 g⁻¹; 2 x goat (7000 mg 100 g⁻¹ DM; 2 
x = 1400 mg 100 g⁻¹; sheep (7000 mg 100 g⁻¹ DM = 1400 mg 100 g⁻¹; total = 4200 mg 100 g⁻¹. We considered that 
these values may vary based on factors such as growth stage, lactation, pregnancy, and the specific nutritional 
needs of individual animals. Livestock requirements are based on the recommended levels for individual classes 
of ruminants suggested by NRC30 and summarised by McDowell31, while the CP was adapted from Ncisana22.

Statistical analysis
The IBM SPSS statistical software version 25 (https://www.ibm.com/spss) was used to conduct statistical analysis. 
Soil water content and CP nutritional yield were subjected to the two-way ANOVA, water regimes and season 
as fixed factors. Variables that were not normally distributed were successfully log10 transformed for analysis. 
The fresh tuber biomass, dry tuber biomass, tuber diameter, and tuber length were subject to analysis of variance 
four-way ANOVA, with water regimes, genotype, harvest, and season as fixed factors. Then, a three-way ANOVA 
was used to test the effects of water regimes, genotype, and season on LI, FI, RUE, AGB, AGEB, HI, RGR RHR, 
LAI, WUE, β-carotene, vitamin C, vitamin E, Zn, Fe, nutritional yield, stomatal conductance and chlorophyll 
content. The LSD post hoc test was used to compare means. Statistical significance was determined (P < 0.05).

Results
Stomatal conductance, total biomass, above ground biomass, above edible biomass, tuber 
yield, harvest index and water use efficiency
Stomatal conductance
Stomatal conductance showed no significant differences (P = 0.489) among water regimes, genotypes, or 
seasons; however, there was a significant interaction (P < 0.0001) between water regime and genotype was found. 
Additionally, water regime and season significantly (P < 0.0001) affected stomatal conductance. In the 2021/22 
and 2022/23 seasons, well-watered, moderate stress, and severe stress treatments differed significantly (P < 0.05), 
with severe stress showing higher mean values of stomatal conductance than well-watered and moderate stress 
in both seasons (Fig. 3a,b).

Total biomass
There was no interaction effect among water regime, genotype, and season on the total biomass (P = 1.000). 
However, the water regime significantly (P = 0.010) influenced total biomass, with moderate stress resulting 
in higher biomass, though not significantly different from the well-watered treatment for both genotypes in 
both seasons (Table 4). In the 2021/22 season, LINE 2, under moderate stress, produced 1036.68 kg ha− 1 and 
ENDURANCE 943.90 kg ha− 1. In the 2022/23 season, LINE 2 had 1227.73 kg ha− 1, and Endurance 820.03 kg ha− 1 
under the same conditions (Table 4). Severe water stress significantly reduced total biomass in both genotypes. 
Fore example, LINE 2 declined by ≈ 60.09% in 2021/22 and ≈ 71.06% in 2022/23, whereas ENDURANCE 
reduced by ≈ 63.9% and ≈ 53.33%, respectively.

Above ground biomass (AGB)
There was no significant interaction (P = 0.100) effect among water regime, genotype and season. Only the 
water regime significantly (P < 0.001) affected AGB. In 2021/22, W1 and W2 were similar but higher than W3 
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for both genotypes (Table  4). In 2022/23, LINE 2 had higher biomass under well-watered conditions, while 
ENDURANCE performed best under moderate stress. LINE 2 produced 2352.67  kg ha− 1 (W1), 2490.25  kg 
ha− 1 (W2), and 1204.83 kg ha− 1 (W3) in 2021/22, and 2824.77 kg ha− 1, 2025.27 kg ha− 1, and 955.57 kg ha− 1 
in 2022/23. ENDURANCE yielded 2428.95  kg ha− 1, 2524.73  kg ha− 1, and 789.45  kg ha− 1 in 2021/22, and 
2487.43 kg ha− 1, 2755.30 kg ha− 1, and 1059.27 kg ha− 1 in 2022/23. Severe water stress reduced AGB in LINE 2 
by ≈ 48.91% (2021/22) and ≈ 71.06% (2022/23), while ENDURANCE showed reductions of 63.09% (2021/22) 
and ≈ 53.32% (2022/23).

Above ground edible biomass (AGEB)
There was no interaction effect observed among water regime, genotype, and season on the AGEB (P = 0.334). 
Only the water regime significantly (P < 0.001) affected AGEB. LINE 2 showed no difference between well-
watered and moderate stress in both seasons. In the first season, yields were 668.94  kg ha− 1 (well-watered), 
603.79 kg ha− 1 (moderate stress), and 467.91 kg ha− 1 (severe stress). In the second season, the trend continued 
with 972.28 kg ha− 1, 997.31 kg ha− 1, and 495.63 kg ha− 1, respectively (Table 4). For ENDURANCE, moderate 

Fig. 3.  Effect of water regimes and genotypes on stomatal conductance during the season (a) 2021/22 and (b) 
2022/23, W1; well-watered; W2; moderate water stress; W3; severe water stress, V1; ENDURANCE and V2; 
LINE 2; Error bars represent standard errors of the means. The letters above the error bars indicate significant 
differences (P < 0.05).
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stress produced the highest biomass in both seasons, with 1053.62 kg ha− 1 in 2021/22 and 1161.38 kg ha− 1 in 
2022/23, while severe stress yielded the lowest, at 251.59 kg ha− 1 and 426.55 kg ha− 1, respectively (Table 4). 
LINE 2 resulted in AGEB reductions of ≈ 30.05% in 2021/22 and ≈ 49.02% in 2022/23 under severe water stress. 
ENDURANCE showed larger declines, with ≈ 74.23% in 2021/22 and ≈ 53.35% in 2022/23.

Tuber yield
Effect of water paired with no leaf harvest  There was no significant effect (P = 1.000) was observed on tuber 
yield in terms of fresh and dry weight concerning water regime, genotype and season. However, the water regime 
significantly (P < 0.001) affected tuber yield, both as fresh and dry tuber weights. In the 2021/22 season, LINE 
2 yielded 55 t ha− 1 under well-watered conditions, 48 t ha− 1 under moderate stress, and 22 t ha− 1 under severe 
stress. In 2022/23, yields were 56 t ha− 1 (well-watered), 48 t ha− 1 (moderate water stress), and 21 t ha− 1 (severe 
water stress). For ENDURANCE, the 2021/22 season yielded 59 t ha− 1 (well-watered), 48 t ha− 1 (moderate water 
stress), and 22 t ha− 1 (severe water stress). In 2022/23, ENDURANCE produced 59 t ha− 1 (well-watered), 20 t 
ha− 1 (moderate water stress), and 8 t ha− 1 (severe water stress). Well-watered and moderate stress treatments 
showed no significant differences but yielded more than severe stress (Fig. 4a,b). Severe stress sharply reduced 
tuber yield (fresh weight), with ENDURANCE reduced by ≈ 61.88% in 2021/22 and ≈ 59.83% in 2022/23, and 
LINE 2 decreasing ≈ 61.49% and ≈ 61.5%, respectively. For dry weight, ENDURANCE declined ≈ 42.8% in 
2021/22 and ≈ 51.98% in 2022/23, while LINE 2 reduced by ≈ 54.78% and ≈ 50.59% in those seasons (Fig. 4c,d).

Effect of leaf harvesting on tuber yield  There was no significant (P = 1.000) interaction effect among harvest, 
genotype and season on fresh or dry tuber weight. However, for both seasons, leaf harvesting significantly 
(P < 0.001) affected fresh tuber yield. Treatments without leaf harvesting produced higher mean tuber yields 
compared to those with leaf harvesting (Fig. 4a,b). Leaf harvest reduced tuber yield by ≈ 53.19% in ENDUR-
ANCE and ≈ 57.55% in LINE 2. For dry tuber yield, it caused a reduction of ≈ 56.25% in ENDURANCE and 
≈ 41.4% in LINE 2 (Fig. 4c,d).

Harvest index (HI)
There was no significant (P = 0.150) interaction that was observed among water regime, genotype and season 
for the harvest index (HI). Water regime significantly influenced HI, with LINE 2 showing higher values under 
severe stress than moderate and well-watered conditions in both seasons. For ENDURANCE, well-watered 
treatment produced higher yields in the first season (P < 0.05) and slightly higher yields in the second season, 
though not significantly different from moderate stress. LINE 2 under well-watered conditions reduced HI by 
≈ 22.12% in 2021/22 and ≈ 32.48% in 2022/23, while ENDURANCE resulted in reductions of ≈ 43.66% and 
≈ 51.07% under severe stress (Table 4).

Water use efficiency (WUE)
The WUE did not show a statistically significant (P = 0.993) interaction among water regime, genotype, and 
season. Only the water regime significantly (P = 0.030) impacted WUE. The highest WUE was attained at the 
moderate water stress, whereas the lowest WUE was attained at the severe stress (Table 4). There was seasonal 
variation; for example; WUE was higher in 2021/22 than in 2022/23. Severe stress reduced WUE for line 2 by 
≈ 51.59% in 2021/22 and ≈ 63.78% in 2022/23. For endurance, it was reduced by ≈ 58.04% in 2021/22, improving 
to ≈ 15.16% in 2022/23.

Genotype Water regime Season TWA Total biomass Above ground biomass Above-ground edible biomass Water use efficiency Harvest index

LINE 2

W1 2021/22 305 1030.12 ± 99.68a 2352.67 ± 311.62a 668.94 ± 276.23a 3.37 ± 0.33b 46.45 ± 18.64b

W2 2021/22 220 1036.68 ± 102.25a 2490.25 ± 550.35a 603.79 ± 400.96a 4.71 ± 0.46a 22.60 ± 11.57c

W3 2021/22 180 411.026 ± 39.84b 1204.83 ± 262.97b 467.91 ± 246.12b 2.28 ± 0.22c 59.64 ± 9.49a

W1 2022/23 366 1196.77 ± 130.58a 2824.77 ± 579.13a 972.28 ± 261.56a 3.27 ± 0.36b 34.44 ± 7.14b

W2 2022/23 245 1227.73 ± 340.74a 2025.27 ± 127.70b 997.31 ± 72.13a 5.08 ± 0.67a 50.06 ± 6.69a

W3 2022/23 188 346.27 ± 32.52b 955.57 ± 34.44c 495.63 ± 185.08b 1.84 ± 0.17c 51.01 ± 17.45a

ENDURANCE

W1 2021/22 305 878.05 ± 195.44a 2428.95 ± 680.05a 1018.19 ± 9.81b 2.88 ± 0.64b 56.92 ± 8.18a

W2 2021/22 220 943.90 ± 279.13a 2524.73 ± 703.95a 1053.62 ± 10.27a 4.29 ± 1.27a 36.19 ± 6.26b

W3 2021/22 180 324.04 ± 22.59b 789.45 ± 110.55b 251.59 ± 24.24c 1.80 ± 0.13c 32.07 ± 1.42b

W1 2022/23 366 739.11 ± 63.16a 2487.43 ± 105.72b 914.35 ± 233.37b 1.82 ± 0.03a 67.20 ± 4.10a

W2 2022/23 245 820.03 ± 43.64a 2755.3 ± 596.05a 1161.38 ± 92.30a 1.78 ± 0.02a 61.60 ± 2.91a

W3 2022/23 188 344.97 ± 23.92b 1059.27 ± 490.75c 426.55 ± 96.20c 1.51 ± 0.02b 32.88 ± 1.77b

Table 4.  The effect of three irrigation water regimes; total water applied (TWA in Mm) on total biomass 
(leaves plus tubers in kg ha− 1), Aboveground total biomass (kg ha− 1), Aboveground edible biomass (kg 
ha− 1), Water use efficiency (kg ha− 1mm− 1) and Harvest Index (%) of fodder radish during 2021/22 and 
2022/23 winter seasons. a, b,c Means and SE in the column row with different superscripts are significantly 
different (P < 0.005) and (P < 0.001) within a season, (RGR, mg mg− 1 day− 1), of two fodder radish genotypes 
ENDURANCE and LINE 2 with W1 (well-watered), W2 (moderate stress) and W3 (severe water stress), Total 
water applied (TWA in mm).
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Crop growth
Tuber diameter  No statistical effect was observed on the tuber diameter concerning water regime, genotype, 
harvest and season (P = 1.000). However, the water regime significantly influenced storage root yield diameter 
(P < 0.001). Well-watered and moderate water stress treatments did not display significant differences. Still, they 
significantly showed larger diameters than severe water stress conditions (Fig. 5). Severe water stress resulted 
in tuber diameter reduction, with ENDURANCE experiencing decreases of ≈ 34.61% in the 2021/22 season 
and ≈ 34.46% in the 2022/23 season. Similarly, LINE 2 had reductions of ≈ 30.95% in the 2021/22 season and 
≈ 30.79% in the 2022/23 season. The harvesting alone had a statistically significant effect on storage root diame-
ter for both seasons (P < 0.001), with no harvesting resulting in improved values compared to leaf harvest. Leaf 
harvesting led to a reduction of ≈ 32.08% in ENDURANCE and ≈ 36.88% in LINE 2.

Tuber length  No interaction effect was observed among water regime, genotype, harvest and season on storage 
root length (P = 1.000). None of the fixed factors affected storage root length including water regime (P = 0.197) 
(Fig. 6).

Relative growth rate (RGR)  The relative growth rate (RGR) showed no significant interaction among water 
regime, genotype, and season (P = 1.000). Only the water regime significantly affected RGR (P = 0.020), with 
well-watered and moderate stress conditions yielding higher values than severe stress across genotypes and 
seasons (Table 5).

Relative height rate (RHR)  The relative height rate (RHR) showed no significant interaction among water 
regime, genotype, and season (P = 0.250). Only the water regime had a significant effect on RHR (P < 0.0001), 

Fig. 4.  Effect of leaf harvesting and different water regimes on tuber yield data as fresh and dry in season 
2021/22 and season 2022/23, W1 – H1; well-watered with leaf harvest, W1 – H2; well-watered with no 
leaf harvest, W2- H1; moderate water stress with no leaf harvest; W2- H2; moderate water stress with no 
leaf harvest, W3-H1; severe water stress with leaf harvest; W3-H2; severe water stress with no leaf harvest. 
Genotypes V1 = ENDURANCE, V2 = LINE 2; Error bars represent standard errors of the means. The letters 
above the error bars indicate significant differences (P < 0.05).
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with well-watered and moderate stress conditions yielding higher values than severe stress across genotypes and 
seasons (Table 5).

Leaf area index (LAI)  Leaf area index (LAI) showed no interaction effect among water regime, genotype, 
and season (P = 0.665). Water regime significantly (P = 0.030) affected LAI, and season had a statistical effect 
(P < 0.035) on LAI, with well-watered having higher values but not significantly different from moderate stress 
for both seasons (Table 5).

Crop height  The was no significant (P = 0.890) interaction effect among water regime, genotype and season. 
The water regime significantly (P = 0.01) influenced the crop height. While well-watered and moderately stressed 
conditions were not significantly different for both seasons (P < 0.05), ENDURANCE consistently showed taller 
growth compared to LINE 2, especially in the second season of 2022/23 (Table 5).

Fig. 6.  Effect of leaf harvesting and different water regimes on tuber length in season 2021/22 and season 
2022/23, W1-H1; well-watered with leaf harvest, W1-H2; well-watered with no leaf harvest, W2- H1; moderate 
water stress with no leaf harvest; W2- H2; moderate water stress with no leaf harvest, W3-H1; severe water 
stress with leaf harvest; W3-H2; severe water stress with no leaf harvest. Genotypes V1 = ENDURANCE, 
V2 = LINE 2; Error bars represent standard errors of the means. The letters above the error bars indicate 
significant differences (P < 0.05).

 

Fig. 5.  Effect of leaf harvesting and different water regimes on tuber diameter in season 2021/22 and season 
2022/23, W1-H1; well-watered with leaf harvest, W1-H2; well-watered with no leaf harvest, W2- H1; moderate 
water stress with no leaf harvest; W2- H2; moderate water stress with no leaf harvest, W3-H1; severe water 
stress with leaf harvest; W3-H2; severe water stress with no leaf harvest. Genotypes V1 = ENDURANCE, 
V2 = LINE 2; Error bars represent standard errors of the means. The letters above the error bars indicate 
significant differences (P < 0.05).
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Leaf number  No significant interaction was observed among water regime, genotype and season for the num-
ber of leaves (P = 1.000). However, the water regime significantly impacted the number of leaves (P < 0.002), with 
LINE 2 producing one more leaf than ENDURANCE (Table 5).

Chlorophyll content  Figure 7. Effect of water regimes and genotypes on chlorophyll content during the season 
(a) 2021/22 and (b) 2022/23, W1; well-watered; W2; moderate water stress; W3; severe water stress, V1; EN-
DURANCE and V2; LINE 2. Error bars represent standard errors of the means. The letters above the error bars 
indicate significant differences (P < 0.05).

Light intercepted (LI), radiation use efficiency (RUE) and fractional interception (FI)
The interaction effect between water regime, genotype, and season did not significantly impact (P < 0.05). 
However, the water regime and the season individually had a significant effect (P < 0.05) on light interception 
(LI) (Table 5). While well-watered and moderately stressed treatments did not significantly differ (P < 0.05) from 
each other, they differed significantly from severely stressed treatments. Fractional interception (FI) showed 
a similar pattern regarding interaction effects, with the water regime significantly (P < 0.05) influencing FI. 
Radiation use efficiency (RUE) was only influenced by season and water (P < 0.05), without the second season 
possessing relatively higher values (Table 5).

Micronutrients, β-carotene, vitamins C & E, nutritional yield
In the case of zinc, there was no interaction was observed among water regime, genotype, and season (P = 0.77). 
Only water regimes had statistical influence (P < 0.001) (Table 6). ENDURANCE showed 135.36 to 132.4 mg 
100 g− 1 DW levels under well-watered conditions, 108.70 to 104.4 mg 100 g− 1 DW under moderate stress, and 
46.3 to 44.3 mg 100 g− 1 DW under severe water stress across both seasons. LINE 2 displayed levels of 136.93 to 
133.93 mg 100 g− 1 DW under well-watered conditions, 107.23 to 104.40 mg 100 g− 1 DW under moderate stress, 
and 52.03 to 49.87 mg 100 g− 1 DW across the seasons 2021/22 and 2022/23, respectively.

Iron
Iron showed no interaction among water regime, genotype, and season (P = 1.000). The interaction between 
genotype and water was evident (P < 0.001) and water had statistically influenced the iron content (P < 0.001). 
ENDURANCE showed levels of 88.97 to 83.96 mg 100 g− 1 DW under well-watered conditions, 82.20 to 77.20 mg 
100 g− 1 DW under moderate stress, and 92.03 to 87.03 mg 100 g− 1 DW under severe water stress for seasons 
2021/22 and 2022/23. LINE 2 showed 100.9 to 95.9 mg 100 g− 1 DW levels under well-watered conditions, 100.7 
to 95.7 mg 100 g− 1 DW under moderate stress, and 85.2 to 80.2 mg 100 g− 1 DW under severe water stress across 
both seasons (Table 6).

Regarding β-carotene, there was no significant interaction effect among water regimes, genotype, and season 
(P = 1.000) (Table  6). However, an interaction between the water regime and genotype affected β-carotene 
(P < 0.05), and the water regime influenced the β-carotene (P < 0.001) (Table  6). Across both seasons, the 
ENDURANCE showed higher concentrations under well-watered conditions than water stress treatments. LINE 
2 showed concentrations of 40.43 mg 100 g− 1 DW and 37.2 mg 100 g− 1 DW, while ENDURANCE displayed 
46.6 mg 100 g− 1 DW and 31.4 mg 100 g− 1 DW for the seasons 2021/2022 and 2022/2023, respectively. Under 
moderate stress, LINE 2 demonstrated concentrations of 29.6 mg 100 g− 1 DW and 30.6 mg 100 g− 1 DW, while 
ENDURANCE showed 29.8 mg 100 g− 1 DW and 30.8 mg 100 g− 1 DW for the seasons 2021/2022 and 2022/2023, 

Genotype Water R. Season TWA FI LI RUE RGR RHR Height Leaf number LAI

LINE 2

W1 2021/22 305 0.65 ± 0.04a 50.23 ± 3.04a 1.62 ± 0.37b 3.23 ± 0.05a 1.71 ± 0.05a 53.90 ± 6.09a 22.83 + 1.84a 3.27 ± 0.63a

W2 2021/22 220 0.59 ± 0.09a 45.38 ± 7.08a 2.88 ± 0.66a 3.33 ± 0.14a 1.73 ± 0.02a 54.82 ± 2.79a 24.75 ± 1.38a 2.98 ± 0.26a

W3 2021/22 180 0.47 ± 0.08b 35.84 ± 6.11b 1.45 ± 0.32b 2.99 ± 0.11b 1.43 ± 0.02b 27.53 ± 1.47b 17.48 ± 3.87b 1.50 ± 0.16b

W1 2022/23 366 0.72 ± 0.03a 61.10 ± 2.32a 3.40 ± 0.70a 3.24 ± 0.05a 1.73 ± 0.05a 54.90 ± 6.09a 23.33 ± 1.84a 5.03 ± 0.66a

W2 2022/23 245 0.73 ± 0.01a 61.73 ± 0.81a 2.40 ± 0.15b 3.34 ± 0.14a 1.74 ± 0.02a 55.82 ± 2.79a 25.25 ± 1.38a 4.38 ± 0.81a

W3 2022/23 188 0.49 ± 0.04b 41.32 ± 3.28b 1.12 ± 0.40c 3.01 ± 0.10b 1.45 ± 0.02b 28.53 ± 1.47b 17.98 ± 3.87b 1.45 ± 0.40b

ENDURANCE

W1 2021/22 305 0.61 ± 0.08a 46.95 ± 6.03a 2.20 ± 0.34b 3.32 ± 0.08a 1.81 ± 0.03a 66.20 ± 4.10a 22.39 ± 3.86a 3.58 ± 0.38a

W2 2021/22 220 0.59 ± 0.03a 45.22 ± 2.45a 3.040 ± 0.85a 3.29 ± 0.13a 1.77 ± 0.02a 60.60 ± 2.91a 23.58 ± 3.18a 3.13 ± 0.70a

W3 2021/22 180 0.36 ± 0.03b 27.76 ± 2.40b 0.95 ± 0.13c 3.02 ± 0.13b 1.49 ± 0.02b 31.88 ± 1.77b 16.10 ± 0.59b 2.18 ± 0.53b

W1 2022/23 366 0.77 ± 0.05a 65.38 ± 3.89a 1.74 ± 0.12b 3.33 ± 0.08a 1.82 ± 0.03a 67.20 ± 4.10a 22.89 ± 3.86a 4.27 ± 0.32a

W2 2022/23 245 0.71 ± 0.06a 60.77 ± 5.35a 3.23 ± 0.70a 3.30 ± 0.15a 1.78 ± 0.02a 61.60 ± 2.91a 24.08 ± 3.18a 4.34 ± 0.12a

W3 2022/23 188 0.34 ± 0.07b 29.09 ± 6.28b 1.24 ± 0.58b 3.04 ± 0.12b 1.51 ± 0.02b 32.88 ± 1.77b 16.60 ± 0.59b 2.25 ± 0.26b

Table 5.  The effect of three irrigation water regimes; total water applied (TWA in Mm); fractional interception 
(FI), Light intercepted (LI) and radiation use efficiency (RUE), relative growth rate (RGR, mg mg− 1 day− 1), 
relative height growth rate (RHR, Mm mm− 1 day− 1), crop height (mm), Leaf number (plant− 1) and Leaf area 
index of fodder radish during 2021/22 and 2022/23 winter seasons. a, b,c Means and SE in the column row with 
different superscripts are significantly different (P < 0.005) and (P < 0.001) within a season. Mean (and SEM) 
of two fodder radish genotypes ENDURANCE and LINE 2 with W1 (well-watered), W2 (moderate stress) and 
W3 (severe water stress), Water R. (Water Regime), Total water applied (TWA in mm).
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respectively (Table 6). Severe water stress resulted in concentrations of 30.23 mg 100 g− 1 DW and 33.93 mg 
100 g− 1 DW for LINE 2, and 29.00 mg 100 g− 1 DW and 29.60 mg 100 g− 1 DW for ENDURANCE for the seasons 
2021/2022 and 2022/2023, respectively.

There was no significant (P = 1.000) difference in vitamin C concentration between the water regime, 
genotype, and season interaction. Instead, only the water regime showed an effect (P < 0.0001) (Table 6). Well-
watered conditions significantly differed from moderate and severe stress treatments (Table  6). Under well-
watered conditions, the LINE 2 genotype exhibited 31.1  mg 100  g− 1 DW concentrations for 2021/2022 and 
27.3 mg 100 g− 1 DW for 2022/2023. In contrast, ENDURANCE displayed 31.16 mg 100 g− 1 DW in 2021/2022 
and 26.5 mg 100 g− 1 DW in 2022/2023. Moderate stress conditions resulted in LINE 2 producing 24.6 mg 100 g− 1 

Fig. 7.  Effect of water regimes and genotypes on chlorophyll content during the season (a) 2021/22 and (b) 
2022/23, W1; well-watered; W2; moderate water stress; W3; severe water stress, V1; ENDURANCE and V2; 
LINE 2. Error bars represent standard errors of the means. The letters above the error bars indicate significant 
differences (P < 0.05).
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DW for 2021/2022 and 26.5 mg 100 g− 1 DW for 2022/2023. Conversely, ENDURANCE yielded 26.5 mg 100 g− 1 
DW for 2021/2022 and 29.33 mg 100 g− 1 DW for 2022/2023. In the severe stress treatments, LINE 2 showed 
23.8  mg 100  g− 1 DW concentrations for 2021/2022 and 22.6  mg 100  g − 1 DW for 2022/2023. Meanwhile, 
ENDURANCE resulted in 22.3 mg 100 g− 1 DW for 2021/2022 and 26.5 mg 100 g− 1 DW for 2022/2023.

The vitamin E showed no significant (P = 1.000) difference among water regimes, genotype, and season. 
Only water regime significantly (P < 0.0001) influenced the vitamin E concentration, with moderate stress 
treatment demonstrating significantly higher concentrations compared to both the well-watered and severe 
stress treatments (Table 6).

LINE 2 displayed concentrations of 547.57 mg 100 g− 1 DW for the season 2021/2022 and 476.50 mg 100 g− 1 
DW for the season 2022/2023 under well-watered conditions, while ENDURANCE showed 548.03 mg 100 g− 1 
DW for the season 2021/2022 and 345.00 mg 100 g− 1 DW for the season 2022/2023. Under moderate stress, 
LINE 2 showed concentrations of 644.80 mg 100 g− 1 DW for the season 2021/2022 and 686.80 mg 100 g− 1 DW 
for the season 2022/2023, while ENDURANCE displayed 714.20 mg 100 g− 1 DW for the season 2021/2022 and 
610.80 mg 100 g− 1 DW for the season 2022/2023.

Severe stress conditions resulted in LINE 2 producing 316.70 mg 100 g− 1 DW for 2021/2022 and 414.90 mg 
100  g− 1 DW for 2022/2023. Conversely, ENDURANCE yielded 316.90  mg 100  g− 1 DW for 2021/2022 and 
552.6 mg 100 g− 1 DW for 2022/2023.

Significant effects were not observed among water regime, genotype, and season for zinc (P = 1.000) and iron 
nutritional yield (P = 0.770). Interestingly, genotype alone did not yield statistically significant effects (P = 0.294). 
Only the water regime affected the nutritional yield of zinc (P < 0.001), demonstrating that the well-watered 
treatment yielded higher values than both moderate and severe water stress treatments. Severe water stress led to 
an ≈ 81% reduction in zinc nutritional yield for ENDURANCE across both seasons, while LINE 2 experienced 
an ≈ 82% reduction in both seasons. Similarly, for iron nutritional yield, significant effects were found between 
water regime, genotype, and season and between water regime and genotype (P < 0.014).

The water regime significantly influenced iron nutritional yield (P < 0.001), with both well-watered 
and moderate water stress treatments showing similar and superior values compared to severe water stress 
treatments, which reduced the concentration by ≈ 60% for ENDURANCE and ≈ 47% for LINE 2 in both seasons 
(Table  7). The results revealed no significant interactions between water regime, genotype, and season for 
β-carotene, vitamin C, and vitamin E nutritional yield (P = 1.000). Only the water regime showed a statistically 
significant difference in all the variables (P = < 0.001) (Table 7). Regarding crude protein (CP) nutritional yield, 
a statistically significant difference was observed among the water regime and genotype (P = 0.038), whereas 
genotype alone did not yield a significant effect (P = 0.918). Water regime significantly influenced CP nutritional 
yield (P < 0.001), with no significant difference observed between well-watered and moderate stress treatments 
(Fig. 8). In ENDURANCE, severe water stress reduces CP nutritional yield by ≈ 70% and ≈ 54% in LINE 2.

Discussion
Drought leads to several critical dysfunctions in the photosynthesis process32, including damage to plant 
pigments, disruption of stomatal performance and reduced CO2 flow to the photosynthetic machinery32. 
Additionally, reducing the crop’s water requirement impairs nutrient uptake and utilisation, while disturbing 
osmotic potential33. The generation of reactive oxygen species (ROS) under deficit irrigation further exacerbates 
plant damage, injuring pigments, photosynthetic systems, and overall metabolism34. Consequently, deficit 
irrigation ultimately results in reduced crop growth and yield35,36.

Genotype
Water 
regime Season TWA

Beta-carotene  (mg 
100 g− 1 DW)

Vitamin C  (mg 
100 g− 1 DW)

Vitamin E  (mg 
100 g− 1 DW)

Fe  (mg 100 g− 1 
DW)

Zn  (mg 
100 g− 1 DW)

LINE 2

W1 2021/22 305 40.43 ± 3.81a 31.10 ± 2.65a 547.57 ± 101.29b 100.90 ± 3.40a 133.90 ± 13.40a

W2 2021/22 220 30.60 ± 4.30b 24.60 ± 2.50b 644.80 ± 172.80a 95.70 ± 7.20a 104.40 ± 18.20b

W3 2021/22 180 30.23 ± 1.64b 23.80 ± 1.61b 316.70 ± 30.23c 85.20 ± 3.50b 49.90 ± 5.90c

W1 2022/23 366 37.20 ± 5.60a 27.30 ± 4.60a 476.50 ± 103.80b 95.90 ± 10.50a 136.93 ± 14.30a

W2 2022/23 245 29.90 ± 3.40c 26.50 ± 1.09a 686.80 ± 164.90a 100.70 ± 21.30a 107.00 ± 19.40b

W3 2022/23 188 33.93 ± 6.01b 22.60 ± 2.20b 414.90 ± 41.50c 80.20 ± 7.40b 52.03 ± 6.20c

ENDURANCE

W1 2021/22 305 46.60 ± 4.90a 31.16 ± 3.20a 548.03 ± 3.80b 88.97 ± 8.80a 132.40 ± 14.90a

W2 2021/22 220 30.80 ± 4.30b 26.50 ± 2.90a 714.20 ± 174.90a 82.20 ± 7.90a 108.70 ± 20.20b

W3 2021/22 180 29.00 ± 0.60b 22.30 ± 1.30b 316.90 ± 47.60c 92.03 ± 9.40a 46.30 ± 3.40c

W1 2022/23 366 31.40 ± 3.40b 26.50 ± 2.70b 345.00 ± 41.91c 83.96 ± 7.90a 135.36 ± 16.60a

W2 2022/23 245 39.80 ± 7.60a 29.33 ± 3.80a 610.80 ± 384.10a 77.20 ± 6.20a 104.40 ± 18.20b

W3 2022/23 188 29.63 ± 7.10b 26.50 ± 5.21b 552.60 ± 114.31b 87.03 ± 8.20a 44.30 ± 2.80c

Table 6.  The effect of three irrigation water regimes on the nutritional concentration of fodder radish during 
2021/22 and 2022/23. a, b,c Means and SE in the column row with different superscripts are significantly 
different (P < 0.005) and (P < 0.001) within a season. Mean (and SEM) of two fodder radish genotypes 
ENDURANCE and LINE 2 nutrient concentration with W1 (well-watered), W2 (moderate stress) and W3 
(severe water stress), Total water applied (TWA in mm).
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On the other hand, the soil water content showed significant variation among the three water regimes: well-
watered, moderate water stress, and severe water stress. As anticipated, the well-watered treatment displayed 
the highest soil water content, followed by moderate water stress, with severe water stress showing the lowest 
soil water content. These results align with previous findings14,37, confirming the expected relationship between 
water regime and soil water content.

The reduction in stomatal conductance of selected fodder genotypes under drought stress has been extensively 
documented in the literature38,39. However, contrary to this prevailing observation, certain studies have reported 
an improvement in stomatal conductance under moderate and severe water stress conditions40,41, which aligns 
with the findings of the current study where drought stress led to higher stomatal conductance. This discrepancy 
may be attributed to the response of crops to stress, wherein their stomata, small pores on the surface of leaves, 
tend to close to prevent excessive water loss through transpiration42.

The importance of water use efficiency (WUE) in plant production cannot be overstated, as it plays a critical 
role in ensuring better productivity, especially in challenging environmental conditions43. High WUE allows 
plants to maintain essential metabolic processes crucial for their growth and development44. Interestingly, 
Mandal45 observed lower WUE in well-watered plots of certain forage brassicas; this finding was partially 
supported by our study, where plots under moderate stress exhibited higher WUE compared to both well-
watered and severely stressed plots. Similarly, Akram38 documented higher WUE in water-stressed radish plots. 

Fig. 8.  Crude protein nutritional yield (CPNY, g ha− 1) on different water regimes during the 2021/22 
season, error bars represent standard errors of the means. The letters above the error bars indicate significant 
differences (P < 0.0001). Well-watered = W1; moderate water stress = W2 and severe water stress = W3; 
Genotypes V1 = ENDURANCE, V2 = LINE 2.

 

Genotype
Water 
regime Season TWA

Beta-carotene (g 
ha− 1) Vitamin C  (g ha− 1) Vitamin E (g ha− 1) Fe (g ha− 1) Zn  (g ha− 1)

LINE 2

W1 2021/22 305 45340.657 ± 3625.307a 30302.727 ± 2375.989a 532841.849 ± 116473.138b 81639.111 ± 4485.496a 138247.013 ± 13419.364a

W2 2021/22 220 30683.904 ± 3625.307b 26395.471 ± 2375.989a 711312.035 ± 116473.138a 76992.332 ± 4485.496a 78023.183 ± 13419.364b

W3 2021/22 180 14373.270 ± 3625.307c 11052.549 ± 2375.989b 116473.138 ± 116473.138c 43136.331 ± 4485.496b 21972.930 ± 13419.364c

W1 2022/23 366 45350.431 ± 3625.307a 30321.122 ± 2375.989a 542641.791 ± 116473.138b 81639.111 ± 4485.496a 128697.463 ± 13419.364a

W2 2022/23 245 30583.904 ± 3625.307b 26486.531 ± 2375.989a 712312.046 ± 116473.138a 76992.332 ± 4485.496a 105914.322 ± 13419.364b

W3 2022/23 188 14373.270 ± 3625.307c 21491.671 ± 6148.748b 157098.189 ± 116473.138c 43136.331 ± 4485.496b 21972.930 ± 13419.364c

ENDURANCE

W1 2021/22 305 36970.218 ± 3625.307a 28436.285 ± 2375.989a 500667.582 ± 116473.138b 87686.165 ± 4485.496a 125360.374 ± 13419.364a

W2 2021/22 220 35538.228 ± 3625.307a 28569.948 ± 2375.989a 748896.537 ± 116473.138a 111182.779 ± 4485.496a 113558.658 ± 13419.364c

W3 2021/22 180 12896.028 ± 3625.307c 10137.672 ± 2375.989b 135102.603 ± 116473.138c 34223.528 ± 4485.496b 22596.963 ± 13419.364b

W1 2022/23 366 36770.31 ± 3625.307a 28436.285 ± 2375.989a 501667.582 ± 116473.138b 87686.165 ± 4485.496a 122461.943 ± 13419.364a

W2 2022/23 245 35447.18 ± 3625.307a 28569.948 ± 2375.989a 749976.537 ± 116473.138a 111182.779 ± 4485.496a 121248.072 ± 13419.364a

W3 2022/23 188 12976.011 ± 3625.307c 10137.672 ± 2375.989b 136101.510 ± 116473.138c 34223.528 ± 4485.496b 21270.627 ± 13419.364b

Table 7.  The effect of three irrigation water regimes on the nutritional yield (g ha− 1) of fodder radish during 
2021/22 and 2022/23. a, b,c Means and SE in the column row with different superscripts are significantly 
different (P < 0.005) and (P < 0.001) within a season. Mean (and SEM) of two fodder radish genotypes 
ENDURANCE and LINE 2 nutritional yield with W1 (well-watered), W2 (moderate stress) and W3 (severe 
water stress), Total water applied (TWA in mm).

 

Scientific Reports |        (2024) 14:31315 14| https://doi.org/10.1038/s41598-024-82727-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


However, Henschel39 reported no significant difference in WUE between well-watered and drought-stressed 
radish plots. Despite limited studies focusing specifically on WUE in fodder radish or forage brassicas, research 
across various crops indicates an increase in WUE under water-stressed conditions46,23,47.

The reduction in WUE observed under well-watered conditions could be attributed to amplified soil water 
evaporation rather than transpiration48. Additionally, the higher values of WUE under moderate water stress 
may be due to more efficient stomatal regulation in water-stressed plots, as the closure of stomata reduces water 
loss through transpiration. Conversely, well-watered plants might keep their stomata open longer, leading to 
higher transpiration rates and lower water use efficiency. Water use efficiency measures the biomass or yield 
produced per unit of water the crop uses. Our expectations were that WUE would be higher under stressed 
conditions, as the crop is expected to produce more with less water. This higher WUE under stress implies that 
the crop can make more efficient use of available water resources, potentially leading to increased productivity 
per unit of water.

When crops experience stress, their stomata, which are small pores on the surface of leaves, tend to close 
to prevent excessive water loss through transpiration. While this mechanism helps conserve water, it also 
affects crop productivity. When stomata close, photosynthesis is inhibited, reducing carbon dioxide uptake and 
decreasing yield potential. The extent of yield reduction under stressed conditions varies depending on factors 
such as the severity and duration of stress, crop species, and growth stage. In general, prolonged or severe stress 
can lead to significant yield losses. Our study findings concurred with severe water stress having low biomass 
and higher stomatal conductance values. However, moderate water stress in both seasons for ENDURANCE 
resulted in higher biomass. In contrast, for the LINE 2 genotype in both seasons, well-watered and moderate 
stress conditions resulted in similar biomass. Nyathi14 observed a reduction in both total aboveground and 
edible aboveground biomass of leafy vegetables under severe water-stressed conditions.

Unsurprisingly, well-watered treatments resulted improved biomass because the leaf area index was improved 
by well-watered conditions, given that the higher the LAI, the higher the biomass. The higher light use efficiency 
(LI) might have facilitated increased CO2 assimilation and subsequently improved biomass; this might explain 
the favourable outcomes in moderate stress and well-watered treatments due to their higher LI, Fractional 
interception (FI), and superior Radiation Use Efficiency (RUE) in mean values49,60 (Table 4). Throughout both 
seasons, the average daily maximum temperature remained around 25 °C (Table 2), which remained optimal 
for radish growth. Stagnari40 reported similar findings in radish genotypes, where well-watered plots exhibited 
significantly higher mean values for aboveground biomass. The high total biomass under moderate stress in 
both seasons reveals that these genotypes ENDURANCE and LINE 2 conserve water because for 2021/2022 
season W1 = 305  mm, W2 = 221  mm and 2022/2023 season W1 = 366  mm, W2 = 245  mm. Therefore, using 
these genotypes, farmers can save between 84 and 121 mm to achieve maximum yield. This implies that the goal 
of WUE in crops is to maximise the yield or productivity of the crop while minimising the amount of water used. 
In the South African context, which is deemed as a water-stressed country ranked 30th in the world, WUE is a 
crucial factor for ensuring sustainable water management practices and improving overall crop performance.

The study findings supported our first hypothesis that leaf harvesting significantly reduces fodder radish 
storage root/tuber yield in the 2021/22 and 2022/23 seasons. This reduction persisted across different irrigation 
water regimes, highlighting the consistent negative effect of leaf harvesting on root/tuber yield. The observed 
phenomenon aligns with global trends, as similar root/tuber yield reductions due to leaf harvesting have been 
documented in different regions. Studies from India50, and Congo51 revealed decreased yields with multiple leaf 
harvests, while research in South Africa, Nyathi15 reported losses in root or tuber yield with repeated harvesting. 
However, there were contrasting findings by52, indicating that leaf harvest did not influence root/tuber yield. 
Hauser53 even noted positive effects on root or tuber yield in specific conditions, claiming that shorter dry 
seasons could be attributed to their results.

The second hypothesis was that no leaf harvesting paired with a well-watered irrigation water regime would 
improve fodder radish storage root yield, and the study results did not consistently support it. The well-watered 
and moderate stress treatments were not significantly different. Both well-watered and moderate stress with no 
leaf harvest improved root/tuber yield during the 2021/22 and 2022/23 seasons. The unexpected result might be 
attributed to that radish crops store water in their tubers, allowing them to withstand periods of water stress, so 
moderate stress conditions positively affected the tuber yield, implying that water applied in the moderate stress 
plots combined with the water reservoir in the tubers was enough to produced yield same as in the well-watered 
conditions. Although not all were conducted on fodder radish, some studies align with these findings15,54. 
Stagnari40 noted the reduction in radish’s root storage/tuber yield under water stress treatments. Access soil 
resources for regrowth, possibly explaining the lack of significant differences among water regimes, particularly 
in the fodder radish from the severely water-stressed treatment paired with leaf harvest. This indicates that the 
ENDURANCE and LINE 2 fodder radish genotypes can achieve higher tuber yield without excessive water 
requirements. The total water supplied for well-watered conditions was 305 mm and 366 mm for the 2021/22 
and 2022/23 seasons, respectively, while moderate stress received 221 mm and 245 mm across both seasons.

Both well-watered and moderate stress, coupled with no leaf harvest, yielded larger tuber diameters, as 
expected, given the strong correlation between stem diameter and plant biomass7. The well-watered regime 
improves radish tuber diameter55. Cunha56 found no genotype-specific effects on radish tuber diameter, 
indicating that the total water applied may have a more pronounced impact, which aligns with our study’s 
results. In our study results, the lack of genotype impact might be due to limited genomic diversity between 
ENDURANCE and LINE 2. Tuber length remained unaffected by leaf harvest, water regime, and genotype. The 
root/tuber, essential for nutrient and water uptake from the soil, may prioritise growth by enlarging to access soil 
resources for regrowth, possibly explaining the lack of significant differences among water regimes, particularly 
in the fodder radish from the severely water-stressed treatment paired with leaf harvest. Similar findings of no 
water regime effects on radish tuber length were reported by57,58, consistent with the results of this study. This 
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indicates that the ENDURANCE and LINE 2 fodder radish genotypes can achieve high tuber yield without 
excessive water requirements. The total water supplied for well-watered conditions was 305 mm and 366 mm 
for the 2021/22 and 2022/23 seasons, respectively, while moderate stress received 221 mm and 245 mm across 
both seasons.

Crop growth indicators such as total aboveground biomass, leaf area index (LAI), harvest index (HI), relative 
growth rate (RGR), relative height rate (RHR), plant height, and the number of leaves all showcased positive 
responses to well-watered conditions as hypothesised. Stagnari40 reported similar findings in radish genotypes, 
where well-watered plots exhibited significantly higher mean values for aboveground biomass, RGR, and LAI. 
As noted by Silva42, water stress treatments impacted the growth indicators of Salvia hispanica L., including 
RGR, suggesting a reduction due to water stress. Galmes59 also noted reduced RGR in different genotypes under 
water-stressed conditions, potentially linked to leaf senescence and decreased leaf area index60.

The reduction in dry weight growth in ENDURANCE and LINE 2 could be largely attributed to diminished 
light interception, radiation use efficiency, and fractional interception under severe stress treatments. In a radish 
study, Marcelis and Van Hooijdonk60 observed decreased light interception under water stress treatments, 
attributing it to low growth rates in the leaf area. Understanding light interception, radiation use efficiency, and 
fractional interception is pivotal in comprehending the photochemical efficiency of plant photosynthesis. While 
our findings on light interception align with Nyathi14, differences were noted in radiation use efficiency, where 
they found a reduction with increased water stress levels, contrary to our study where only season influenced 
RUE, although on Amaranthus.

The decline in chlorophyll content in Raphanus sativus L. due to drought stress is a well-documented38,39. 
However, contrary to this, certain studies have reported improved chlorophyll content under moderate and 
severe water stress conditions40,41. This opposes our study result, which found no effect on water regimes. This 
discrepancy might be attributed to the inherent genetic traits that ENDURANCE and LINE 2 possess to maintain 
consistent chlorophyll content levels in different water availability conditions. Similarly, some studies, consistent 
with our findings, observed no significant difference in chlorophyll content under various water regimes.

Brassica microgreens are a rich source of microelements Fe and Zn61. The lack of micronutrients and 
vitamin A in human diets leads to “hidden hunger”, a condition whose effects may not manifest immediately. 
Still, it can result in severe consequences such as stunted growth, delayed cognitive development, and reduced 
immunity62. Inadequacy of essential nutrients can directly influence the body’s immune response. These 
nutrients act as antioxidants, safeguarding cells, fortifying immune cells’ growth and function, and initiating 
antibodies’ production. Our study strongly supports the hypothesis that well-watered conditions lead to elevated 
zinc concentrations in both genotypes. Our findings align with those of Maseko63, who observed increased 
zinc concentration under well-watered conditions. However, our results contradict those of Schlering64, who 
reported a rise in zinc levels under water-stressed treatments in radish leaves. Furthermore, a similar pattern 
was noted by Nyathi14, where severe water stress resulted in higher concentrations of iron and zinc in Amaranth 
and Spider flower.

Although the study hypothesis was partially supported for the iron, well-watered and moderately water-
stressed treatments exhibited comparable values in LINE 2. Conversely, ENDURANCE under severe water-
stressed treatment demonstrated higher values than well-watered and moderately water-stressed treatments. 
This contradicts the findings of Nyathi14, who reported an approximately 46% decrease in iron concentration for 
Swiss chard under severe water stress. The disparity between these genotypes could be attributed to the resilience 
of ENDURANCE to water scarcity, as it maintained or even increased iron concentration as a stress response. At 
the same time, LINE 2 experienced a decline in iron levels.

Our study results supported our hypothesis that well-watered will improve the β-carotene and vitamin C 
concentration. The water-stressed treatments reduced the concentration of β-carotene in both genotypes and 
seasons. Maluleke65 assessed cucumber under different water regimes and found 1.6 to 1.5 mg 100 g− 1 DW 
β-carotene under moderate and severe water stress treatments; this aligns with our findings. While Park66 found 
no effect of different water regimes β-carotene of green leafy vegetables. In an extensive review conducted by 
Gamba67, radish leaves’ mineral and vitamin composition was compared to various vegetables such as cabbage, 
cauliflower, broccoli, arugula, and turnip. The β-carotene concentration in radish leaves was particularly 
remarkable, which reached the highest level at 3.96, surpassing other vegetables by up to threefold. This high 
β-carotene content establishes radish leaves as a significant source of vitamin A within the Brassicaceae family, 
highlighting their nutritional importance compared to the studied vegetables.

For vitamin C, the current study results showed a reduction in the concentration of vitamin C under 
water-stress treatments, aligning with the findings of Ahmed68, who observed a decrease in vitamin C in fruits 
under water-stress treatments. Conversely, Park65 have demonstrated increased vitamin C under water stress 
conditions. Stagnari69 have acknowledged the limited data reporting on vitamin C under varying water regimes.

Regarding vitamin E, our hypothesis was not supported because moderate water stress treatment had higher 
values of vitamin E than well-watered treatment. This might be attributed to that moderate water stress conditions 
impacted photosynthetic processes in plants. Vitamin E protects the photosynthetic apparatus from oxidative 
damage, and an increase in its levels may be a response to maintaining or enhancing photosynthetic efficiency 
under stress conditions. An increase in vitamin E in soybean under water stress treatments was found70. This 
finding aligns with our study results, indicating a higher concentration of vitamin E under moderate stress. 
However, Oh71, in their study on lettuce, found no effect of water regime on Vitamin C and E. Our findings 
suggest that under well-watered conditions, both ENDURANCE and LINE 2 varieties can exceed the daily 
recommended nutrient intake (DRNI) for vitamin A across all age groups. Meanwhile, under moderate stress 
conditions, they meet the DRNI for the most vulnerable groups, including women and infants aged 1 to 3 years. 
Under severe water stress conditions, both ENDURANCE and LINE 2 varieties surpass the daily recommended 
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nutrient intake (DRNI) for vitamins E and iron and zinc across all age groups and genders. Vitamin C only meet 
the daily recommended nutrient intake (DRNI) for 1–3 years old.

Nutritional yield is the amount of essential nutrients a crop provides per area, considering both how much 
it produces and how concentrated the nutrients are within it14. The study on different types of fodder radish 
explored how water levels affect the nutritional yield of these crops. Under moderate water stress conditions 
(W2), the levels of essential nutrients, including vitamin E, CP yield and other important micronutrients, were 
typically found to be ideal. In contrast, severe water stress (W3) often resulted in lower nutrient levels per 
unit, but still met the necessary vitamin requirements for extreme dietary needs. These findings align with the 
observations of Nyathi14, who reported a decrease in zinc and β-carotene nutritional yield under conditions of 
severe water stress. The results highlight how effectively managing water is crucial for maximising the amount 
of essential nutrients provided by crops in regions with limited water resources72. Nutritional yield is essential 
for ensuring food and fodder security, particularly in regions such as South Africa, where dealing with water 
scarcity necessitates growing crops like fodder radish, valued for efficient water use and nutritional advantages 
for both humans and livestock. Therefore, nutritional yield is a crucial measure for evaluating how strategic water 
management and selecting plant varieties contribute to improving the sustainability of diets and agriculture.

Conclusion and future research
This study examined how efficiently water was used, along with the growth of biomass and nutrient levels, in 
two types of fodder radish, “LINE 2” and “ENDURANCE,” under different water conditions and leaf harvesting 
practices. Conducted over two growing seasons (2021/22 and 2022/23) in South Africa, the research assessed 
the impact of well-watered, moderate water stress, and severe water stress environments. The results showed 
that when experiencing moderate water stress, the efficiency of water use and biomass yield were around 
90% compared to full irrigation, while also increasing vitamin E concentrations and CP yield. Under severe 
stress, total biomass decreased by 30%, tuber yield by 25%, and nutrient content by 15%. LINE 2 showed 5% 
better resilience than ENDURANCE in this scenario. Additionally, leaf harvesting substantially lowered tuber 
yield. Our findings proposes that using moderate water stress as an irrigation method can optimise resource 
use efficiency in environments with limited water supply. For instance, moderate water stress encourages the 
growth of deeper roots, which enhances water absorption and utilization, ultimately boosting plant health and 
productivity.

The study concludes that moderate water stress is a sustainable alternative to full irrigation for cultivating 
fodder radish. It optimises both water use efficiency and nutrient concentration, leading to improved plant 
health and nutritional value, all while maintaining a competitive yield. Severe water stress had negative effects, 
leading to a significant decrease in both biomass and nutritional value. Both genotypes showed resilience 
under moderate stress, but LINE 2 outperformed ENDURANCE in specific aspects. This research contributes 
to developing climate-smart agricultural practices tailored for arid and semi-arid regions. For instance, 
implementing precision irrigation techniques can optimise water use in arid environments, ensuring sustainable 
crop production and food security while preserving soil quality.

Future research should broaden its evaluation to include additional fodder radish genotypes and evaluate 
their performance over the long term in various climatic conditions. Investigating the effects of different 
cooking methods on nutrient bioavailability and exploring soil amendments to mitigate nutrient loss under 
stress conditions are crucial for promoting human health and sustainable agricultural practices. Additionally, 
integrating multi-season trials across various agro ecological zones will enhance the generalisability of findings. 
Studying scalable water management technologies and their economic viability for farmers with limited 
resources will strengthen the position of fodder radish in sustainable agriculture.

Data availability
The datasets utilized and/or analyzed in this study are available from the corresponding author upon reasonable 
request.
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