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Introduction: The increasing pressure on land and water resources, fueled by
high population growth and climate change, has profound implications for crop
yield and quality. While studies thrive for various crops, a notable research gap
exists in understanding the responses of forage crops to irrigation and nutrient
management in developing countries. This study aims to address this gap by
assessing the impact of irrigation and fertilizer application on forage production
in the Ethiopian sub-humid highlands.

Methods: The experiment focused on four forage varieties, namely Napier
grass (Cenchrus purpureus) cultivars, ILRI-16791, ILRI-16819, ILRI-16803, and
Guinea grass (Megathyrsus maximus) ILRI-144 cultivated in experimental plots.
Three irrigation levels designated as IR60 (60% of total available soil water), IR80
(80%), and IR100 (100%) were applied, along with three fertilizer rates: organic
manure at 30 t ha™!, and Urea-N at 100kgha and 300kgha. Agronomic data
including growth performance, forage dry matter yield, and nutritional quality
were collected during two trial years.

Results and discussion: Among the various irrigation treatments, IR80
demonstrated the most favorable balance between forage yield, WUE, net
benefit, and LWP. In addition, the highest DMY, WUE, net benefit, and LWP were
obtained for UREA at the rate of 300kgha~! while the lowest DMY and WUE were
observed for UREA at the rate of 100kgha~?. Significant variations were observed
among the four forage varieties, with Napier grass ILRI-16791 having the highest
DMY (9.8 tons ha™), WUE (39kgha= mm™), LWP (0.28 USD m~ for local cows,
and 1.04 USD m= for crossbred cows), and net benefit (783 USD ha™). For all
forages combined, a 40 and 20% decrease in irrigation increased water use
efficiency by 17 and 9.4%, respectively. These results indicate that a moderate
level of deficient irrigation such as IR80 could be a viable water management
strategy for irrigated forage, especially in water-scarce areas. The conserved
water saved from the deficit irrigation can thus be used to irrigate additional
land, contributing to a more sustainable and efficient water usage approach.

KEYWORDS

animal forage, deficit irrigation, full irrigation, water use efficiency, fertilizer response,
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1 Introduction

Pressure on land and water resources is increasing due to high
population growth and the expansion of agricultural land for crop
production across the globe. Feeding a growing population amid
climate change is a major development challenge (Spiertz, 2009). The
sustainability of cropping systems in the future will be intimately tied
to how we enhance synergies and complementarity through
integrating crop and livestock production and optimizing resource
allocation including the efficient use of agricultural inputs such as
fertilizer and water (Sinclair and Rufty, 2012).

In developing countries such as Ethiopia, livestock play a vital role
in smallholders’ livelihoods by providing food, cash income, farm
power, and other inputs to crop production. However, the productivity
of livestock has remained very low due to various factors, among which
feed shortages both in quantity and quality for year-round feeding are
one of the major ones (Tessema and Alemayehu, 2010). In Ethiopia,
crop residues (43%) are the most utilized feed type followed by natural
pasture (35%), while improved forage production is very low (0.2%)
(CSA, 2020). Feed shortages are aggravated by limited investment in the
area of feed and forage development and the increasing encroachment
of crop farming into grazing lands (Mengistu et al., 2017). Moreover, the
rapid population growth in Ethiopia has led to a significant reduction
in grazing lands due to the expansion of arable cropping land,
urbanization, and land use changes, resulting in critical feed shortages
(Feyissa et al., 2022). This implies that business-as-usual livestock feed
sourcing and feeding can no longer be a viable option. There is an
urgent need to look at forage production during dry periods through
irrigation and to optimally use the available land, water, and capital
resources to produce high-quality and quantity fodder for sustainable
livestock production. Despite the enormous potential, small-scale
irrigation systems for producing improved fodder are limited and rarely
used (Baranchuluun et al., 2014).

To promote and establish effective irrigation management
strategies, it is very important to quantify the crop response to
irrigation (Daneshnia et al., 2015). Proper irrigation treatment is
required in crop production to permit optimal productivity per
volume of irrigation water applied (Daneshnia et al.,, 2015). One way
of maximizing water use efficiency (WUE) during irrigation is deficit
irrigation (Bekele and Tilahun, 2007). In areas where a shortage of
irrigation water is a problem, deficit irrigation is considered a practical
solution to overcome the problem (Keshavarz Afshar et al.,, 2012). In
deficit irrigation, the crop is subjected to water stress for the entirety
of the growing season or only for a particular growth stage (Afshar
et al,, 2014). Crops like maize, onion, wheat, tomato, and teff were
studied for their response under deficit irrigation previously in the
Ethiopian highlands (Asmamaw et al., 2021), while the study of forage
crops under deficit irrigation is limited in developing countries.

In addition to the irrigation treatment, other factors that affect the
feed quality and quantity of different forage species should
be considered (Choudhary and Prabhu, 2016). Among the factors that
affect crop yield and quality, nutrient management is the major one
(Sinclair and Rufty, 2012; Choudhary and Prabhu, 2016). Gains in
agricultural productivity have mostly been attributed to field
management techniques that boosted the availability of nitrogen
(Sinclair and Rufty, 2012). However, the use of chemical fertilizers in
forages is constrained due to rising fertilizer prices and their scarcity
during the peak growing season (Choudhary and Prabhu, 2016).
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Nitrogen (N) is a main yield-determining macronutrient (Spiertz,
2009; Hao et al., 2014). The price of nitrogen fertilizer is increasing
rapidly. Therefore, it is necessary to reduce the application of nitrogen
fertilizer and increase nitrogen use efficiency (NUE) to maintain
profitability (Hao et al., 2014). Understanding the forage production
response to fertilizer application rates, in combination with irrigation
strategies, could help to manage nitrogen use efficiency.

As the Ethiopian highlands are one of the most densely populated
areas with livestock in east Africa (Benin et al., 2003), and an increase
in livestock-based products is required, there is a need to study the
agronomic performance of forage varieties and their responses to
nutrients and water management (Worqlul et al., 2022). Therefore, this
study aimed to investigate the performance and responses of selected
fodder species under different irrigation and fertilizer application
rates. We explored yield, water use efficiency, livestock water
productivity, and the net benefit of selected forages in the Ethiopian
highlands. Understanding the agronomic performance of forage
varieties and their responses to management practices is crucial for
informing policies aimed at improving livestock productivity,
enhancing food security, and promoting sustainable agricultural
development in the country and corresponding region.

2 Materials and methods
2.1 Description of the study area

This experiment was conducted in Robit Bata Kebele, Bahir Dar
Zuriya Wereda (or district), Amhara regional state, Ethiopia
(Figure 1). Robit Bata is located in the Lake Tana basin, 20km north
of Bahir Dar city (the capital city of Amhara regional state) at an
altitude of 1851 meters above sea level. The climate is sub-humid
(Woina Dega), with a mean annual rainfall of 1,444 mm (based on
20vyears of data). From June to September, the rainfall distribution is
unimodal. The mean monthly air temperature ranges between 8.1°C
and 30.3°C (Figure 2). The average monthly minimum temperature is
12.5°C, while the average monthly maximum temperature is
27.5°C. The mean monthly sunshine hour is 8h while the mean
monthly relative humidity and wind speed are 58% and 0.82m s/,
respectively. Rural livelihoods are dominantly based on rain-fed
mixed crop-livestock farming. Mixed-crop farming, principally
rain-fed agriculture, and livestock husbandry are the mainstays of
rural livelihoods. Maize (Zea mays), finger millet (Eleusine coracana),
tef (Eragrostis tef), and barley (Hordeum vulgare) are the main crops
cultivated during the rainy season, and small-scale irrigation is
increasing, with 13% of croplands under vegetable cultivation irrigated
during the dry season, from October to May (Fenta et al., 2022).
Tomatoes, onions, potatoes, cabbage, peppers, and garlic are the most
commonly irrigated crops (Yimam et al., 2020). Crop residues and
naturally occurring grass are the most common livestock diets.
However, those feed sources are often of poor quality and lack the
necessary protein, energy, vitamins, and minerals.

2.2 Experimental design and setup

The experiment was conducted in a randomized split-split
plot design with irrigation scheduling as the main plot, fertilizer
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FIGURE 1
Location map of the experimental site in Robit watershed, Robit Kebele, Ethiopia.
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FIGURE 2
Long-term mean monthly rainfall, temperature, and reference evapotranspiration in the study area.

rate as the subplot, and forage genotype as sub-sub plots (Gomez  for this experiment divided by three irrigation schedules, three
and Gomez, 1984). The size of each sub-sub plot was 9m?® with  fertilizer rates, four forage genotypes, and three replicates
three replicates for each treatment. There were 108 sub-sub plots  (Figure 3).
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Four different forage genotypes (three Napier grass accessions and

one Guinea grass accession) sourced from the International Livestock

Research Institute (ILRI) forage genebank, Addis Ababa, Ethiopia
(Table 1) were used in the experiment. Napier grass was selected as it is
the most preferred forage for small-scale irrigation due to its endurance

10.3389/fsufs.2024.1373698

to drought, adaptability to a variety of soil conditions, and high
photosynthetic and water-use efficiency (Mwendia et al., 2006). Guinea
grass was selected due to its biomass yield, usage for long-term pastures
and soil conservation, high production rate, fodder quality, suitability for
clay and sandy soils and drought resistance (Das et al., 2016). The forages

Replication 1 Replication 11 Replication IT1

¥t S Prr Aty trr il TN sttt S BT |
1Rl N !

I E I I

i H [

| ol '

il il I

L il I

e 1 :
o | e, oy |

;| T S -

(E HIE il

(N E I E ‘l

E FE g

B 1N 1

e I |

i 1 1

' B Al -t B B o |

;. ................... sEsamsmEnnny El \ 1 IE. ...... LLLrrr 1
H 1L 1

ol [H Pl

il 1L i1

i (E a

N e i1

il (IH il

e ol (R N e i |

FIGURE 3

(sub-sub plots) were randomly assigned in the fertilizer plot (subplots).

General overview of the experimental design (top) and picture of the forages (bottom, Napier grass (left) and Guinea grass (right)), the different forages

Frontiers in Sustainable Food Systems

04

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1373698
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Hussein et al.

TABLE 1 Forage accessions, spacing, and method of planting.

Forage variety Method of Plant
planting spacing
Napier grass (C. purpureum) ILRI-16791 Cuttings 0.5mx0.5m
Napier grass (C. purpureum) ILRI-16819 Cuttings 0.5mx0.5m
Napier grass (C. purpureum) ILRI-16803 Cuttings 0.5mx0.5m
Guinea grass (M. maximus) ILRI-144 Root splits 0.5mx0.5m

were established during the rainy season in July 2020. The irrigation
treatments were started after harvesting at the end of the rainy season.

The forages were grown using three different fertilizer application
rates. The fertilizer treatments were organic manure at a rate of
30tha™', and UREA at rates of 100kgha™" and 300 kgha™". The manure
rate of 30 t ha™" was according to farmers’ practices in the area. UREA/
Nitrogen (46.6% N-NH4+) at a rate of 100kgha™" was based on a
national recommendation (Sime and Aune, 2014) and to see the effect
of an increased fertilizer rate on the productivity of the forages, a
higher fertilizer rate of 300kgha™ was applied as a third treatment
(Chakwizira et al., 2015). The fertilizers were applied in splits, i.e., 50%
of the fertilizer was applied for the first harvest and the remaining 50%
for the second harvest (Rostamza et al., 2011). For the organic manure
treatment, two-thirds of the manure was applied for the first harvest
while the remaining one-third was applied for the second harvest,
according to farmers’ practices. In this experimental study, the manure
applied was sourced from a local youth association that specializes in
preparing and selling manure in the area.

Three different irrigation scheduling’s via 60, 80, and 100% of total
available soil water (IR60, IR80, and IR100, respectively) were applied
(Ahmadi-Mirabad et al., 2014; Mwinuka et al., 2021). The amount of
irrigation water applied for the full irrigation treatment for each forage
variety and fertilizer type and rate was calculated as shown in Eq. |
(Rostamza et al., 2011; Dadrasan et al., 2015).

_(Fc—6;)*D+ 4

I
" 100 (1)

Where In is the volume of irrigation water (m?), Fc is the field
capacity of the soil, 6, is the soil moisture content before irrigation, D
is the effective rooting depth (m) and A is the sub-sub plot surface
area (9m?). An irrigation efficiency () of 75% was adopted (Hawkins
H-J, 2013). Each sub-sub plot was watered individually using a
watering can. Irrigation was scheduled at 7-day intervals (Dadrasan
etal,, 2015). To avoid any runoff following irrigation, all sides of each
sub-sub plot were blocked by soil bunds.

In the study, the source of irrigation water was hand-dug shallow
water wells. These wells serve as the principal source of water. Hand-dug
shallow water wells are commonly utilized in the area where this
experiment is conducted (Tilahun et al., 2020). However, it is important
to acknowledge potential limitations associated with this water source,
such as vulnerability to fluctuations in groundwater levels, seasonal
variability, and susceptibility to contamination. Despite these challenges,
hand-dug shallow water wells remain integral to irrigation practices in the
study area, highlighting the importance of understanding and managing
water resources effectively for sustainable agricultural production.
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2.3 Data collection and analysis

2.3.1 Soil data

Before the start of the trial, soil samples were collected at depths
of 0-30 cm, 30-60 cm, and 60-100 cm. The soil samples were analyzed
at Lihiket Design and Supervision Corporation Laboratory for
different soil parameters such as field capacity (FC), wilting point
(PWP), soil organic carbon (SOC), total nitrogen (TN), exchangeable
potassium (Ex-K), available phosphorus (Av-P), pH, soil texture (clay,
silt, sand), electrical conductivity (Ec), and cation exchange capacity
(CEQ). Sulfur (SO,-S) and nitrate-nitrogen (NO;-N) were analyzed at
the Horticoop Ethiopia (Horticulture) PLC, soil and water analysis
laboratory following standard procedures. The soil bulk density (Bd)
was determined at Bahir Dar Institute of Technology soil laboratory
from undisturbed soil samples collected at depths of 10, 20, 30, 40, 60,
and 100 cm. The details of the methods and procedures for the soil
analysis can be found in Fenta et al. (2022). The pre-treatment soil
sample results are given in Table 2.

2.3.2 Soil water content

Soil moisture measurements up to a depth of 1 m (at different
depths) were taken using a soil moisture profiler (PR2/6, Delta T
device). One access tube was installed at the center of each of the
experimental sub-sub plots. The soil moisture measurements were
carried out at six soil depths of 10, 20, 30, 40, 60, and 100 cm, in all
replications before the start of the experiment, every week from
December 2020 to June 2021 during the first year and from
November 2021 to June 2022 in the second year, and at harvest.
These neutron probes were calibrated on ten different plots within
the experimental area, covering a range of water contents from
field capacity to wilting point. Linear regression was used to
determine the calibration equations between neutron probe count
and volumetric soil water content, with separate equations being
used for 10, 20 and 30 cm depths and a single equation used for
40-100 cm soil (Neal et al., 2011).

2.3.3 Yield and yield components data

The plant height was measured from ten randomly selected
plants in each sub-sub plot. The total number of tillers was
counted for ten bunches from each sub-sub plot. The leaf area
was measured using a leaf area meter (CI-203 laser area meter,
CID Bioscience, United States). Each sub-sub plot was harvested
separately, and the total fresh biomass was weighed using a
sensitive balance. The forages were harvested twice during each
irrigation season. After the fresh herbage from each sub-sub plot
was weighed, a 500-1,000 g subsample was placed in a paper bag,
weighed on site, and taken to the laboratory. In the laboratory,
the samples were dried at 60 C° for 48 h in a forced air oven, and
then reweighed to determine the percent (%) dry matter (DM)
and DM yield.

2.3.4 Forage quality analysis

Forage sub-samples from each sub-sub plot were analyzed for
digestibility in the animal nutrition laboratory of the International
Livestock Research Institute in Addis Ababa. The samples were
analyzed by near-infrared reflectance spectroscopy (NIRS) using a
FOSS Forage Analyzer 5,000 with the software package WinISI II
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TABLE 2 The physical and chemical properties of soils at the experimental plot before any treatments were conducted (pre-treatment).

Soil Texture Ec Ex-K CEC FC PWP SOC pH TN Av-P SO,- NO:-N Bd
depth (class) (ds/m) [(cmol [(cmol (% (% (%) (1:25 (%) (ppm) S(mg/ (mg/ (g/cmd)
(cm) (+)/kg)] | (+)/kg)] wvol) vol) H,O) kg) kg)

0-30 Heavy clay 0.12 0.72 194 28.87 17.33 2.14 4.68 0.27 10.63 13.02 10.85 1.23
30-60 Heavy clay 0.05 1.05 20.27 30.37 20.27 1.81 5.19 0.18 7.99 15.80 7.87 1.17
60-100 Heavy clay 0.06 1.06 16.27 30.73 21.17 1.46 5.27 0.14 9.77 11.87 11.03 1.21

(version 1.5, Intra Soft International, LLC) and specifically developed
calibration equations.’

2.3.5 Water use efficiency calculation

Water use efficiency (WUE) can be based on either transpiration
or evapotranspiration and grain yield or total dry matter yield. In this
experiment, the WUE was calculated as the total above-ground dry
matter yield per unit of total evapotranspiration (Rostamza et al.,
2011) as shown in Eq. 2.

WUE = DMY ET™! )

The evapotranspiration (ET) was calculated using the water
balance equation as shown in Eq. 3.

ET =P +1-Rf -Dp+AS 3)

Where ET is crop water consumption (mm), P is rainfall (mm),

I is irrigation water (mm), Rf is surface runoff (mm), Dp is deep
percolation (mm), and AS is soil water content variation in crop root
depth (mm). In this study, surface runoff (Rf) in Eq. 3 was assumed
to be negligible. Since the slope of each sub-sub plot was near zero and
the end of each sub-sub plot was blocked by soil. It was also assumed
that there was no deep percolation as the irrigation was overhead and
the amount of irrigation water was only enough to reach field capacity
(Rostamza et al., 2011). Only effective rainfall was used in the above
equation (Neal et al,, 2011). The daily rainfall during the experimental
period was measured using a manual rain gauge installed at the
experimental site. The effective rainfall (Pe) was determined using the
United States Department of Agriculture Soil Conservation Service
(USDA-SCS) method (Allen et al., 1998) as shown in Eq. 4.
Pe = 0.8xP —25P > 75mm / month 4
(Pe:O.6xP—10P<75mm/monthj =

2.3.6 Livestock water productivity

Livestock water productivity refers to the proportion of net beneficial
products and services related to livestock production in relation to the
amount of water consumed during the production process (Peden et al.,

1 https://www.ilri.org/
international-platform-rapid-analysis-livestock-feed-quality-nodes-india-

ethiopia-nigeria-and
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2007). To enhance livestock water productivity, it is important to evaluate
the feed demands of livestock and opt for feeds that exhibit greater water
productivity as compared to other agricultural uses of water (Peden et al.,
2007). The livestock water productivity was determined based on
Haileslassie et al. (20092) as shown in Eq. 5.

n
Z j:]OJ' Pi=Cp

- (5)
> PP

Where O; is the beneficial output of type j (e.g., milk); P; is the
price of output j; Cp is cost of production; and DP; is ET water for
production of animal feed sources type j.

The water requirement for drinking was not considered, as it
accounts for less than 2% of the total water used (Peden et al., 2007).
The water used by evapotranspiration to produce the feed was
calculated as explained in Section 2.3.5.

In this study, we considered only milk as a livestock output. The
milk price was based on the current market price obtained from Genet
Lerobit milk and milk products dairy cooperative in the area. The cost
of feed production was determined as shown in Section 2.3.7.

Two types of cows, local and crossbred, were considered for the
calculation of livestock water productivity. The local cow was assumed
to weigh 250 kg and produce an average of 1.7 liters of milk per day
for a 200-day lactation period (Descheemacker et al., 2011). The
crossbred cow was assumed to weigh 400kg and produce an average
of 8 liters of milk per day during a nine-month lactation period
(Ahmed et al.,, 2004). The feed intake and requirement for each type
of cow were determined considering the energy requirement for
maintenance, lactation and weight gain based on the digestibility of
the forages for each treatment. It was assumed that the fodder was fed
only to the lactating cows. It was also assumed that half the lactating
period coincides with the irrigation period, as the irrigation period
accounts for nearly 6 months of the year.

2.3.7 Economic analysis

The net benefit from each irrigation, fertilizer, and forage
treatment was determined by subtracting the total cost incurred for
each treatment from the total revenue. The cost included land
preparation/plowing, planting, weeding, fertilizer and manure
application, irrigation, harvesting and the cost of inorganic fertilizer/
manure. For instance, the average cost of urea fertilizer was
determined to be 0.68 USD per kilogram, while organic manure costs
0.011 USD per kilogram. Hired labor costs were factored in, covering
activities such as plowing, planting, fertilizing, weeding, irrigation,
harvesting, and general handling of forages for each treatment. The
total labor hours were converted into man-days, considering an 8h
workday, which corresponds to a rate of 3.3 USD per day (reflecting
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prevailing labor rates in the study area). The total revenue was
determined by the benefits that can be gained through the sale of
green fodder. As green forage marketing is at its inception in the area,
the price of fodder was conservatively assumed to be equal to pasture
hay which was estimated to be 4 ETB/kg (Abera et al., 2022).

2.3.8 Statistical analysis

The data were checked for normality using Q-Q plot and Shapiro—
Wilk tests before conducting the analysis. In cases of non-normality,
data were transformed using Log (data) and analysis was performed
for the transformed data. The interaction of the forage type, fertilizer,
irrigation, and year was conducted first. After checking for the
interaction effects, analysis of variance (p <0.05) with the ANOVA
packages of the SPSS® statistics software 26.0 (IBM Corporation,
United States) was employed. Duncan’s Multiple Range Test was used
for mean separation when the analysis of variance showed statistically
significant differences (p <0.05) between the parameters.

3 Results

The interaction effects of the different treatments and their
significance levels are shown in Supplementary Table S1. When there
is a significant interaction effect, the interaction effect is presented.
When no significant interaction effects are found, only the main
effects are presented.

3.1Yield and yield components

3.1.1 Impact of irrigation treatments on forage
phenotypes and yield

Irrigation treatment had a significant (p =0.007) effect on the
number of tillers (Supplementary Figure S1). In addition, irrigation
treatment had a significant effect on leaf area index (p <0.001). Among
the three irrigations, the highest LAI was observed for the full irrigation
treatment while the lowest was for the deficit irrigation IR60 (Table 3).
The effect of irrigation on dry matter yield was statistically significant at
ap value of 0.003 (Table 3; Figure 4A). The full irrigation (IR100) had a
higher dry matter yield than the deficit irrigation. There was no
significant difference in DMY between 1100 and I80 (p =0.35) and 180
and 160 (p =0.099).

3.1.2 Impact of fertilizer treatments on forage
phenotypes and yield

The effect of fertilizer on the number of tillers was not significant
(p =0.06). However, the effect of fertilizer on leaf area index was
significant (p =0.01). The highest LAI (7.8 m* m™2) was observed for
UREA 300 Kgha™" while the lowest (6.8 m> m™2) was for UREA 100
kgha™'. Table 3; Figure 4B shows that fertilizer type and rate have a
significant effect on dry matter yield (p =0.01). The highest dry matter
yield (8.6t ha™') was obtained for UREA 300 Kgha™' while the lowest
(7t ha™") was for UREA 100 kgha™".

3.1.3 Impact of irrigation and fertilizer
interactions on forage phenotypes and yield

There was a significant (p =0.003) interaction effect of irrigation
and fertilizer on plant height (Supplementary Table S1). For the
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inorganic fertilizer (UREA) treatments, both at the rate of 100kgha™
and 300kgha™, the highest plant height was at the deficit irrigation
level of IR80 while for the organic manure, the highest plant height
observed for the full IR100
(Supplementary Table 52). However, the interaction effect of irrigation
and fertilizer on tiller number (p =0.257), leaf area index (p =0.486),
and dry matter yield (p =0.939) was not significant.

was irrigation  treatment

3.1.4 Effect of forage variety on forage
phenotypes and yield

The effect of forage variety on plant height was significant
(p<0.001). The tallest and shortest plant heights were for ILRI-16791
and ILRI-144, respectively (Table 3; Figure 5A). In addition, forage
variety (p<0.001) had a statistically significant effect on number of
tillers. ILRI-144 had the highest number of tillers per bunch while
ILRI-16791 had the lowest tiller number (Figure 5B).

The effect of forage variety on leaf area index (LAI) was significant
(Table 3). Among the four forages, the highest LAI of 9.6 was observed
for ILRI-16819 while the lowest (2.7) was observed for ILRI-144
(Table 3; Figure 5C). In addition, forage type had a significant effect
on dry matter yield (p <0.001) as shown in Table 3, the Napier grass
accessions ILRI-16791 and ILRI 16819 had a significantly higher
DMY than ILRI-16803 and ILRI-144. And, there was a significant
difference (p<0.001) in DMY between ILRI-16803 and ILRI-144.
However, there was no significant difference (p=0.82) in DMY
between the top two Napier grass accessions (Figure 5D).

3.2 Effect of forage type, fertilizer type and
rate on water requirement

Forage type has a significant (p <0.001) effect on the amount of
irrigation water requirement (application) at full irrigation treatments.
ILRI-16791 had the highest irrigation water application while
ILRI-144 had the lowest water application. The water application was
equivalent to the amount of water required based on the soil moisture
deficit in this study. During the whole study period, averaged over
fertilizer, year and harvest, the highest irrigation water amount applied
(including effective rainfall) was for ILRI-16791 (315 mm), followed
by ILRI-16819 (307 mm) and ILRI-16803 (292 mm) while the lowest
irrigation water applied was for ILRI-144 (270 mm).

The effect of fertilizer type and rate on the amount of irrigation
water required was not significant (p=0.052). Those plots treated
with UREA at a rate of 300kgha™" had slightly higher irrigation
water applications than the other treatments. Averaged over forages,
year and harvest, the total amount of water applied for each harvest
(including effective rainfall) for organic manure, and UREA at a
rate of 100 kgha™'and 300 kgha™' were 294 mm, 288 mm, and
306 mm, respectively, for the whole study period. As the application
rate of fertilizer increased, the requirement for irrigation water
also increased.

3.3 Impact of forage types, irrigation and
fertilizer treatment on water use efficiency

There was a significant difference in evapotranspiration (p <0.001)
among the irrigation treatments. The highest ET was observed for the
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TABLE 3 Main effect of irrigation, fertilizer, forage variety and year on the response variables.

Treatments DMY PH Tiller LAI WUE ET NB LWPL LWPC
Irrigation levels

IR60 6.5a 87.5a 58.2a 6.2a 34.9a 197.2a 471.4a 0.22a 0.9a
1R80 7.8ab 93.8b 61.4a 7.9b 32.3a 245.5b 549.3a 0.21a 0.83a
IR100 8.4b 94.1b 67.4b 8.0b 29a 290.5¢ 487a 0.17a 0.74a
Fertilizer

Manure 7.3a 92.5a 60.4a 7.4ab 30.6a 242a 463.4a 0.2a 0.78a
UREA 100 Kgha-1 7.0a 89.8a 60.2a 6.8a 30.4a 238.6a 453.4a 0.2a 0.79a
UREA 300 Kgha-1 8.6b 93.2a 66.3a 7.8b 35.1a 252.6b 591a 0.23a 0.8%a
Forage varieties

ILRI-16791 9.8a 110.5a 39.7a 7.8a 39a 257.7a 783.2a 0.28a 1.04a
ILRI-16819 9a 106.5a 48.0ab 9.6b 37a 253.1ab 670.4a 0.25a 0.95a
ILRI-16803 7b 94.6b 49.7b 9.5b 29.8b 242.2b 423.5b 0.18b 0.77b
ILRI-144 4.7¢ 55.7¢ 111.9¢ 2.7¢ 22.4c 224.7¢ 133.2¢ 0.11c 0.53¢
Year

1 7.7a 92.9a 46.4a 5.7a 33.2a 235.2 542.1a 0.21a 1.02a
2 7.6a 90.7a 78.2b 9.1b 30.5a 253.6 463a 0.2a 0.63b
Significance

Irrigation 0.003 0.003 0.007 ok 0.102 HkE 0.676 0.185 0.095
Fertilizer 0.01 0.26 0.06 0.01 0.095 0.006 0.26 0.303 0.223
Variety seksk seksk L B ek ks ks sskeok sk
Year 0.192 0.216 ok ok 0.806 ok 0.294 0.793 ok

PH, plant height (cm); Tiller, number of tillers per bunch; LAIL leaf area index (m? m~2); DMY, dry matter yield (tha™'); WUE, water use efficiency (Kg ha' mm™); ET, evapotranspiration
(mm); LWPL, livestock water productivity for local cow (USD m~?); LWPC, livestock water productivity for crossbred cow (USD m~); NB, net benefit (USD ha™). *##*=p<0.001. Means
represented by the same letter (a, b and c) across a column for the same treatment are insignificant at p=0.05.

full irrigation treatment while the lowest was observed for the deficit
irrigation treatment (IR60) (Supplementary Figure S2A). The average
ET for the three irrigation treatments was 197.2mm for IR60,
245.5 mm for IR80 and 290.5 mm for IR100.

There was a significant interaction effect of forage and
fertilizer (p=0.007) on ET. For all forage types, the highest ET
observed was for UREA at a rate of 300 kg ha™', while the lowest
ET was observed for manure in ILRI-16791 and ILRI-144. For
ILRI-16819 and ILRI-16803, the lowest ET was observed for
UREA at a rate of 100 Kg ha™' (Table 4). These computed ET were
used to calculate WUE and LWP which is described in the
next section.

It was only forage variety and accession that had a significant
(p<0.001) effect on water use efficiency (Table 3). Among the four
forages tested, ILRI-16791 had the highest water use efficiency
(39kgha™ mm™) followed by ILRI-16819 (37kgha™ mm™), ILRI-
16803 (29.8kgha™ mm™), and ILRI-144 (22.4kgha™ mm™)
(Figure 6A).

Among the three irrigation treatments (Supplementary Figure S3A),
the deficit irrigation (IR60) has the highest water use efficiency as
expected while IR100 has the lowest water use efficiency.

Applying UREA at a rate of 300 kgha™' improved the WUE by 13.3
and 12.6% compared to UREA at a rate of 100 kgha™" and organic
manure respectively, but the differences were non-signicant (p=0.095)
(Table 3). Only 0.8% difference in WUE of manure and UREA at a rate
of 100 kgha™" was observed (Supplementary Figure S3B).
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3.4 Livestock water productivity

The effect of forage type on LWP was statistically significant
(p<0.001) (Figure 6B) while the effect of irrigation and fertilizer
treatments on livestock water productivity was not statistically
significant (p>0.05) for both local and crossbred cows (Table 3). ILRI-
16791 had the highest LWP (0.28, 1.04 USD m™) followed by ILRI-
16819 (0.25, 0.95 USD m~), ILRI-16803 (0.18, 0.77 USD m~?), and
ILRI-144 (0.11, 0.53 USD m™) for local and crossbred cows,
respectively.

Among the three irrigation treatments, the highest LWP was at
the deficit irrigation IR60 while the lowest LWP was at the full
irrigation treatment IR100 (Supplementary Figures S4A.B). The
highest LWP value was observed for UREA at a rate of 300kgha™
(Supplementary Figures S4C,D). There was a significant difference
(p<0.001) in LWP between local and crossbred cow breeds
(Supplementary Figure S4F).

3.5 Impact of forage types, irrigation and
fertilizer treatment on economic benefits

Among the three irrigation treatments, the highest net benefit of
549 USD ha™" was obtained for the deficit irrigation IR80 followed by
the full irrigation treatment IR100 487 USD ha™". The least net benefit
observed for the deficit irrigation was IR60 (471 USD ha™'). Among
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Effect of forage variety on (A) plant height (B) tiller number (C) LAI (D) DMY. Letters a, b and c are indicating statistical significan at p = 0.05. Similar
letters are indicating insignificance and different letters are significance in difference of measured responce variables becasue of the factors

the three fertilizer treatments, the highest net benefit was for UREA
at the rate of 300Kg ha™' (591 USD ha™") followed by organic manure
(463 USD ha™') and UREA at a rate of 100 Kg ha™' (453 USD ha™)
during the irrigation season (Supplementary Table S3).

Forage had a significant effect (p < 0.001) on the net benefit but
there was no statistically significant difference between the fertilizer
and irrigation treatments. A high level of variability in the net benefit
was observed among the four forages. The highest net benefit observed
was for ILRI-16791 while, the least net benefit was obtained for
ILRI-144 (Table 5).

3.6 Relationship between DMY, ET, WUE,
and LWP

The relationship between dry matter yield and evapotranspiration
was weak (Figure 7). However, there was a strong and positive linear
relationship between dry matter yield and water use efficiency
(R*=0.81 and p<0.001) as shown in Figure 7. As there is a strong
positive relationship between yield and water use efficiency,
maximizing yield is necessary to maximize the WUE of any forage.
This relationship followed a trend line upto yield less than 15t ha™' but
above this threshold, it scattered from the line likely because of low
WUE from full irrigation application. There was a positive and linear
relationship between applied irrigation water and evapotranspiration
(Figure 7). There was no relation between total water used (ET) and
water use efficiency. The relationship between dry matter yield and
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livestock water productivity was positive and strong (Figure 7E), while
there was no relationship between evapotranspiration and livestock
water productivity (Figure 7F).

4 Discussion

4.1 Interaction effect of irrigation, fertilizer,
and forage variety

In this study, the three-way as well as the two-way interaction
effect of forage variety, fertilizer and irrigation on dry matter yield and
water use efficiency was not significant (Supplementary Table S1).
Similar to our findings, Gheysari et al. (2009) found that the
interaction effect of four irrigation levels and three nitrogen fertilizer
rates was not significant on dry matter yield, leaf area index, and plant
height of maize for silage in Iran. Similarly, Wang et al. (2017) found
an insignificant interaction effect of irrigation and fertilizer on the dry
matter yield and water use efficiency of maize. In addition, Ul-Allah
etal. (2015) reported that the three-way interaction effect of cropping
system, irrigation, and fertilizer was not significant on dry matter yield
of forage, although it was significant on water use efficiency
in Pakistan.

In contrast, Eisapour Nakhjiri et al. (2021) reported that the
three-way interaction effect of rice cultivar., irrigation levels, and
fertilizer rates was significant on dry matter yield and water use
efficiency in Iran. In China, Zhou et al. (2011) reported that the effect
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The effect of irrigation on DMY (A) and the effect of fertilizer on DMY (B). Letters a, b and c indicate statistical significance at p = 0.05. Similar letters
indicate insignificance and different letters are significant in difference of measured response variables because of the factors.

of deficit irrigation coupled with water-saving management practices
and nitrogen application rate was significant only for the water use
efficiency of maize. Similarly, Ye et al. (2013) found that the effect of
alternate drying and wetting irrigation and nitrogen fertilizer was not
significant on dry matter yield, grain yield, total N uptake, and
nitrogen use efficiency, but the interaction was significant on the water
use efficiency of rice. These results show that, the effect of irrigation
and fertilizer rates on dry matter yield and water use efficiency is
complex and depends on various factors such as crop type, irrigation
method, and environmental conditions.

4.2 Effect of irrigation, fertilizer, and forage
variety on yield and yield components

In this study, the highest plant height 94.1 cm, highest leaf area
index of 8 m* m™? and a higher number of tillers (67.4) were observed
for the full irrigation. However, the plant height 93.8cm and LAI of
7.9m* m™ for the deficit irrigation IR80 were not statistically different
(Table 3). The lowest agronomic variables were mostly found for the
deficit irrigation IR60 (Table 3). The highest plant height for the full
irrigation was presumably due to maintaining higher soil moisture
throughout the growing period. This result is in agreement with Dingre
and Gorantiwar (2021) who found significantly taller plant heights in
full irrigation than in water deficit irrigation schedules. Forage variety
showed significant variation in plant height, number of tillers as well as
LAI (Figure 5). This is due to genetic variation between the forages as
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well as their adaptability to different water and nutrient inputs and
deficit levels (Mulktar et al., 2022).

Moreover, full irrigation (IR100) had statistically significant
(22.6%) and statistically insignificant (7%) greater dry matter yield
than IR60 and IR80, respectively (Figure 5A). The increase in dry
matter yield in full irrigation compared to deficit irrigation treatments
is attributed to reduced yield losses due to water stress (Clay et al.,
2006) or more nutrient uptake and higher photosynthesis rates (Pawar
etal, 2014). Norsuwan et al. (2014) reported that full irrigation had a
higher biomass yield than deficit irrigation (50%) for Napier grass in
the Chiang Mai province of Thailand. The same effect is observed for
other crops such as corn, sorghum, and millet where yield was reduced
by 28, 13, and 24%, respectively when the amount of irrigation water
was reduced by 25% (Jahansouz et al., 2014). The higher dry matter
yield is also observed for the application of 300kgha™ UREA (Table 3,
Figure 5B), likely due to the enhancement of both shoot and root
growth due to the higher nutrient availability (Lynch et al., 2012). A
four-year study by Knoll et al. (2013) suggests that a source of fertilizer
with nitrogen affects the biomass yield of Napier grass. For instance,
when nitrogen application was doubled from 120 to 240kgN.ha™', it
increased yields from 1,502.5 to 2,063.7kg DM.ha™' (Norsuwan
etal., 2014).

The dry matter yield was, however, affected by the forage type
(Figure 5D). Among the four forage types, ILRI-16791 had the
highest DMY (9.8 tonha™") followed by ILRI-16819 (9 tonha™") and
ILRI-16803 (7 tonha™"). Generally, all of the Napier grass accessions
had a higher dry matter yield than ILRI-144 (4.7 tonha™'). The
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DMY in this study for Napier grass is very low compared to those
reported by Ntege et al. (2023) in western tropical Uganda where
the total rainfall is much higher than this study area. However, the
average DMY in this study is comparable with those reported by
Rengsirikul et al. (2011) for eight Napier grass cultivars in tropical
central Thailand and much higher than the values reported by

TABLE 4 Components of the water balance equation by forage type and

fertilizer.
Fertilizer type |+ Pe SWD ET
and rate (mm) (mm) (mm)
Manure 252 —6.5 245.5
ILRI-16791 UREA 100kgha™ 264.5 —4.2 260.4
UREA 300kgha™ 274.1 —6.8 267.3
Manure 260.9 =5.1 255.7
ILRI-16819 UREA 100kgha™ 249.2 —4.8 244.4
UREA 300kgha™ 261.5 -25 259
Manure 253.6 -2.1 251.6
ILRI-16803 UREA 100kgha™ 2253 =37 221.7
UREA 300kgha™ 258.1 —4.8 2532
Manure 220.5 —52 215.3
ILRI-144 UREA 100kgha™ 230.2 -23 2279
UREA 300kgha™ 232.8 -19 230.9

The effective rainfall (Pe) was 53.2mm for the first year and 69.2 mm for the second year.

10.3389/fsufs.2024.1373698

Norsuwan et al.

Northern Thailand.
The higher dry matter yield reported in this study for ILRI-16791

during full irrigation is because of the higher amount of water

(2014) in the Chiang Mai province in

application compared to other varieties (refer to Section 3.2). The
difference in annual water use between forage varieties is probably due
to differences in height, canopy architecture, and ground cover (Allen
etal, 1998). In our study, a higher plant height was observed for ILRI-
16791, while the shortest plant height observed for ILRI-144. This had
the same trend in difference as that of the amount of irrigation water
application. However, there was no association between LAI and
irrigation water application in our study. For example, as shown in
Table 3, ILRI-16791 had a significantly lower LAI than Napier grasses
ILRI-16819 and ILRI-16803 but a higher water requirement. This
might be because ILRI-16791 invested more energy in height
development and stem enlargement than leaf number and area. In a
three-year study in the humid subtropical region of Camden, Austria,
Neal et al. (2011) found similarly statistically significant differences
(p<0.001) between forages in the amount of irrigation water applied
and total water used under the optimal irrigation regime
(full irrigation).

Differences in the water requirement by the different forages due
to fertilizer were not significant for the full irrigation treatment.
However, 4 and 6% more irrigation water applications were observed
for UREA at the rate of 300 kgha™' compared to organic manure and
UREA at the rate of 100kgha™". This result suggests that when soil
nutrients are available at a higher rate, the plants need more water to
uptake and use the available nutrients as there is a simultaneous
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TABLE 5 Estimated costs, revenue and net benefit (USD ha™) for each forage variety.

Forage 2020/2021 2021/2022
variety . q
Costs Revenue Net benefit Costs Revenue Net benefit  Average Net
benefit

ILRI-16791 646.9 1499.1 852.2 7184 1432.6 7142 783.2¢
ILRI-16819 619.6 1314.5 694.9 705.4 1351.1 645.8 670.4°
ILRI-16803 579.8 929.8 350.0 665.4 1162.2 496.9 423.5"
ILRI-144 534.1 805.3 2712 595.9 591.0 4.9 133.2°

Letters a, b and c indicate statistical significance at p =0.05. Similar letters indicate insignificance and different letters are significant in difference of measured response variables because of the factors.
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uptake of water and nutrients leading to their more effective use when
both are at a satisfactory level (Choudhary and Prabhu, 2016). The
slightly higher water requirement for UREA at the rate of 300kgha™"
might be due to higher nutrient input as nutrient input affects plant
water status and its tolerance to drought (Li et al., 2009).

4.3 Effect of irrigation, fertilizer, and forage
variety on water use efficiency

In comparison to the full irrigation treatment, the deficit irrigation
treatments IR60 and IR80 resulted in higher water use efficiency
(WUE), with the maximum WUE observed for IR60 (Table 3). Our
result is in agreement with previous studies by Fang et al. (2006) and
Zhang et al. (2004) who reported higher WUE values under deficit
irrigation compared to full irrigation. Additionally, Fereres and
Soriano (2007) reported that deficit irrigation enhanced the water use

Frontiers in Sustainable Food Systems 12

efficiency of various horticultural and annual crops. Mandal et al.
(2006) found that the water use efficiency of Indian mustard decreased
with increasing irrigation amounts. Numerous researchers have
consistently reported advantageous increases in WUE under
conditions of water stress (Seghatoleslami et al., 2008; Nagaz et al.,
2009; Asmamaw et al., 2023). The potential explanation for the lower
WUE associated with increased irrigation water may be attributed to
a greater water loss through evapotranspiration (ET) than the
corresponding increase in biomass, as proposed by Mandal
et al. (2006).

Among the three treatments involving irrigation, fertilizer, and
forage, the highest variability in WUE was observed in the forage type
(Table 3). The effect of genotype or cultivar on water use efficiency has
been observed for various crops, including cowpea (Hussain et al.,
1999), sorghum (Ajeigbe et al., 2018), soybean (Hufstetler et al., 2007),
maize (Nagore et al., 2017) and wheat (Siahpoosh et al., 2011). One
strategy for increasing water use efficiency involves identifying
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genotypes with high assimilation rates under conditions of
temperature and water-deficit stress (Hatfield and Dold, 2019).

In a study conducted by Neal et al. (2011), fifteen perennial forages
were investigated over 3years at Camden, NSW, Austria, under
optimum irrigation and two deficit irrigation treatments. They found
that Kikuyu (Pennisetum clandestinum Hochst. ex. chiov.) exhibited the
highest mean water use efficiency (27.3kgha™ mm™") while Birdsfoot
trefoil (Lotus corniculatus L.) had the lowest WUE of 14.8kgha™' mm™
under optimum irrigation treatments. A similar variation in the WUE
of forages was observed in our study. For example, over the two-year
average, ILRI-16791 (39.2kgha™" mm™) showed nearly double the
water use efficiency of ILRI-144 (21.8kgha™ mm™).

4.4 Livestock water productivity and net
benefit

In line with the water use efficiency, the livestock water
productivity (LWP) showed higher values for the deficit irrigations
compared to the full irrigation (Table 3). The deficit irrigation IR60
had the highest LWP (0.22, 0.9 USD m™), while for IR80, LWP was
0.21, 0.83 USD m~ and for IR100, it was 0.17, 0.74 USD m™ for local
and crossbred cows, respectively. This result is due to the reduced
evapotranspiration for the deficit irrigation as opposed to the full
irrigation treatment. The higher LWP of 0.23, 0.89 USD m™ for local
and crossbred cows, respectively, observed for the application of
300kgha™ UREA, in comparison to other treatments, is due to the
increased production of dry matter yield (Table 3). Despite a slightly
higher ET under UREA at a rate of 300kgha™ compared to other
treatments, the increased dry matter yield and consequently, the
enhanced net benefit obtained from livestock products contributed to
a higher LWP. The lowest LWP of 0.2, 0.78 USD m™ for local and
crossbred cows, respectively, was found for the application of manure.

Within the three treatments involving irrigation, fertilizer, and forage,
the forage variety showed a more pronounced difference in the LWP
(Table 3). The LWP for the four different forages was 0.28, 1.04 USD m™
for ILRI-16791, and 0.25, 0.95 USD m™* for ILRI-16819, and 0.18, 0.77
USD m™ for ILRI-16803 and 0.11, 0.53 USD m™ for ILRI-144 for local
and crossbred cows, respectively. The variations in LWP among the
different forage treatments stem from differences in biomass production,
evapotranspiration, and digestibility of the various forages. In comparison
to all the previously discussed treatments, the cow breeds exerted the
highest impact on the variability in LWP. The use of a crossbred cow, as
opposed to a local cow, resulted in a nearly fourfold increase in the average
LWP value, increasing from 0.2 to 0.8 USD m™.

In this study, the LWP values for local cows were generally higher
than those reported by Mekonnen et al. (2011), comparable to or less
than (depending upon farming system) the values reported by
Haileslassie et al. (2009b) and less than the values reported by
Gebreselassie et al. (2009) and Haileslassie et al. (2009a). Differences in
LWP may arise from variations in farming methods and assumptions
made during LWP calculations. Notably, many cited papers report gross
LWP, whereas the LWP values in this study represent net livestock water
productivity. The findings from this experiment demonstrated that the
right combination of irrigation, fertilizer, crop variety, and livestock
variety enhances livestock water productivity.

Similarly, application of deficit irrigation, use of ILRI-16791 variety
and application of higer rate of UREA leads to higer net benefit
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(Table 3; Table 5). Using UREA at a rate of 300kgha™" resulted in
higher net benefit than using UREA at a rate of 100kgha™" or organic
manure (Supplementary Table S3). The net benefit for UREA at a rate
of 300kgha™" was 23.3 and 21.6% higher than that of UREA at a rate
of 100kgha™" and organic manure. This was due to higher biomass
production for UREA at a rate of 300kgha™" than the other treatments.
Farmers in the study area prefer using manure for forage production
due to several reasons. Firstly, there is a high initial cost associated with
chemical fertilizers, making manure a more economically viable option
(Delate et al., 2017). Additionally, farmers are accustomed to preparing
their manure, which aligns with their traditional farming practices and
reduces dependency on external inputs (Altieri, 1996). Moreover, there
is a perception among farmers that the returns from forage production
may not justify the investment in chemical fertilizers, whereas for
cereals and vegetables, where higher yields are expected, the preference
shifts towards inorganic fertilizers. However, the results from this study
suggest, investing in chemical fertilizer for forage production is
economically viable. Hence, the choice between inorganic and organic
fertilizer may depend on other factors than cost such as availability and
environmental factors. The tradeoft in using fertilizer, whether organic
or inorganic, for grain and feed production lies in balancing short-term
yield gains with long-term sustainability and environmental impacts
(Norgaard et al., 2022). Organic fertilizers, such as manure, offer
benefits like improved soil health, enhanced nutrient retention, and
reduced dependency on synthetic inputs. However, they often require
more time and effort for application and may have variable nutrient
content (Wang et al., 2024). In contrast, inorganic fertilizers provide
readily available nutrients and can boost yields more quickly, but their
overuse can lead to soil degradation, water pollution, and adverse
effects on biodiversity. Additionally, there’s a financial tradeoff as
organic fertilizers may be cheaper initially but require ongoing
investment in manure management, while inorganic fertilizers tend to
have higher upfront costs but may offer greater precision and control
over nutrient application (Lemma and Abewoy, 2021). Striking a
balance between these factors is essential for maximizing productivity
while minimizing environmental degradation and ensuring the long-
term sustainability of agricultural systems (Fang et al., 2021).

Among the three treatments of forage, fertilizer, and irrigation, the
forage variety has higher variability than the other treatments in terms
of net benefit. On average, the net benefit from ILRI-16791 was 17, 85,
and 488% higher than ILRI-16819, ILRI-16803, and ILRI-144,
respectively.

In general, the results showed that, a strong and positive linear
relationship was observed between crop yield and water use efficiency,
indicating that as water efficiency increased, so did the yield.
Additionally, there was a positive and linear relationship between the
amount of irrigation water applied and evapotranspiration, suggesting
that as more water was applied, evapotranspiration increased
proportionally. Notably, the study revealed that deficit irrigation
particularly IR80 enhanced WUE, LWP and net benefit, while
resulting in slightly lower dry matter yields compared to full irrigation.
Among the irrigation treatments, IR80 demonstrated the most
favorable balance between forage yield, WUE, net benefit, and LWP
(Table 3; 5). This underscores the potential benefits of optimizing
water use in agriculture and the economic and resource-saving
advantages of such water management strategies. These findings
emphasize the potential for adopting moderate deficit irrigation as a
sustainable approach, particularly in water-scarce regions. Among the
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fertilizer treatments, UREA 300kgha™" resulted in the highest DMY,
WUE, LWP, and net benefit, indicating that sufficient nutrient
availability enhances overall crop productivity. Among the four
forages ILRI-16791 exhibited the highest DMY, WUE, LWP, and net
benefit. These findings indicate the importance of selecting the right
variety (cultivar) that can perform well under optimum water and
nutrient conditions and water and nutrient stress.

4.5 Implication to policy and scaling

The implementation of findings from such studies promises to
have beneficial effects on milk production and yield (Getnet et al.,
2016). This has the potential to transform the dairy sector, addressing
the issue of feed quality and availability that needs immediate attention
(Abera et al., 2022). Cultivated forage crops have the potential to
significantly enhance livestock productivity by providing high-quality,
year-round feed (Tesfaye and Tessema, 2023). Despite the potential
benefits, the adoption of improved forage technologies remains low,
with only about 0.15% of farmers utilizing them (Kalsa and Dey, 2022;
Tesfaye and Tessema, 2023). This suggests the production of irrigated
forage needs attention from the government and other actors such as
NGOs and research institutes. To address this, the government and
organizations like the International Livestock Research Institute
(ILRI) have worked with smallholder farmers to introduce irrigated
forage production, particularly of Napier grass.

However, these efforts encounter various challenges, including
competition for limited water resources, inadequate farmer awareness and
skills, underdeveloped forage seed production and marketing systems,
and high costs and limited capacities of irrigation systems (Kalsa and Dey,
2022; Senbeta and Worku, 2023). To effectively address these challenges,
concerted efforts are essential. Strengthening extension services and
training programs, investing in forage seed system development, and
improving water resource management and irrigation system efficiency
are critical (Kalsa and Dey, 2022; Senbeta and Worku, 2023). Additionally,
targeted policy interventions and financial support are indispensable for
incentivizing smallholder farmers to adopt improved forage technologies
(Tesfaye and Tessema, 2023).

Furthermore, recognizing irrigated forage as a beneficial
agribusiness and supporting initiatives to strengthen the forage value
chain from seed to livestock products can significantly contribute to
dairy transformation and livelihood improvement (Alvarez Aranguiz
and Creemers, 2019; Abera et al., 2022). Continued government and
NGO support for irrigated forage production, forage seed systems,
and dairy value chain development are crucial for improving livestock
productivity and livelihoods in Ethiopia (Dey et al., 2022).

To translate the findings of this study into tangible benefits to
smallholder farmers, scaling the methodology beyond the
experimental site is necessary with a comprehensive strategy
encompassing partnerships with stakeholders, capacity building
through training programs, and demonstration of benefits, advocacy
for supportive policies, and robust monitoring and evaluation
mechanisms. Collaboration with government agencies, NGOs, and
communities to facilitate resource leveraging and widespread
adoption (Cooley and Linn, 2014; Do, 2019) as well as capacity
building to empower stakeholders with the necessary skills (Barker
etal, 2015; Do, 2019). Demonstrating benefits and advocating for
supportive policies encourage adoption and create an enabling
environment (Pfotenhauer et al., 2022). Monitoring and evaluation
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ensure effectiveness and inform continuous improvement, fostering
sustainable scalability (Barker et al., 2015).

In addition to the strategies outlined for scaling the methodology,
several specific mechanisms can be employed to further enhance water
use efficiency (WUE) and nutrient use efficiency (NUE) beyond the
experimental site. Firstly, implementing conservation practices such as
reduced tillage, contour plowing, and cover cropping can mitigate soil
erosion, thereby conserving soil moisture and nutrients, ultimately
improving WUE and NUE (Hobbs et al., 2008). Additionally, adopting
precision agriculture techniques, including drip irrigation and site-
specific nutrient management, allows for targeted application of water and
fertilizers, minimizing losses and optimizing resource utilization (Sadras,
2004). Furthermore, intercropping and organic soil amendments enhance
soil structure, water retention, and nutrient cycling, contributing to
improved efficiencies in water and nitrogen utilization (Lal, 2004). Lastly,
promoting farmer education and extension services to disseminate
knowledge on sustainable land management practices and technologies
is crucial for widespread adoption and replication of the methodology
beyond controlled sites, ensuring long-term resilience and sustainability
in erosion-prone environments (Swanson and Rajalahti, 2010).

5 Conclusion

This study investigates the impact of deficit irrigation, fertilizer
type, and rate on four distinct forage types. The findings reveal that
increased irrigation levels lead to increased dry matter yield but
diminish water use efficiency and livestock water productivity. Forage
variety also influences both dry matter yield and water use efficiency,
with ILRI-16791 emerging as the top performer across tested
parameters, showcasing resilience under varying conditions.
Regardless of water and nutrient combinations, ILRI-16791
consistently outperforms other forages, demonstrating its suitability
for optimizing biomass production and economic returns. The study
underscores the importance of strategic forage selection, water, and
nutrient management practices, along with appropriate cow breed
choice, in enhancing yield and water productivity of irrigated forage
in the Ethiopian highlands. To effectively translate these findings into
economic and nutritional benefits for smallholder farmers, capacity-
building efforts focusing on water and nutrient management, coupled
with resilient forage varieties adoption, are crucial. Further research
into the long-term impacts on soil health, biodiversity, and the
adaptability of diverse forage varieties to local agro-climatic conditions
holds significant potential for sustainable productivity enhancement
and economic benefits for smallholder communities.
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