ILRI RESEARCH REPORT

101N OI

ty and
Nepal

TH -
il o
a.._“..u. m....- v ° W . m
AR O n
355 - -
LG - O
o e B o pui Y o |
Kl S
/P!
—

ter product

iry wa

B e
: ey
£ =T

Impact of feed
methane em

da



Impact of feed innovation on
dairy water productivity and
methane emissions in Nepal

Om Prakash Singh', Shivahari Ghimire?, Pawankumar Jha3, Bhola Shrestha?, Anil Aryal®, Santhosh Nepal®,
Cesar Patino®, Yanamani Nepal®, and Padmakumar Varijakshapanicker®

1 Banaras Hindu University, India

2 National Cattle Research Program, NARC, Nepal

3 National Buffalo Research Program, NARC, Nepal

4 Heifer International Nepal, Kathmandu

5 International Water Management Institute-Nepal Office, Kathmandu, Nepal
6 International Livestock Research Institute

December 2025



©2025 International Livestock Research Institute (ILRI)

ILRI thanks all donors and organizations which globally supports its work through their contributions to the CGIAR Trust Fund

This publication is copyrighted by the International Livestock Research Institute (ILRI). It is licensed for use under the
Creative Commons Attribution 4.0 International Licence. To view this licence, visit https://creativecommons.org/

licenses/by/4.0. Unless otherwise noted, you are free to share (copy and redistribute the material in any medium or format),

adapt (remix, transform, and build upon the material) for any purpose, even commercially, under the following conditions:

@ ATTRIBUTION. The work must be attributed, but not in any way that suggests endorsement by ILRI or the author(s).

NOTICE:

For any reuse or distribution, the licence terms of this work must be made clear to others.

Any of the above conditions can be waived if permission is obtained from the copyright holder.
Nothing in this licence impairs or restricts the author’s moral rights.

Fair dealing and other rights are in no way affected by the above.

The parts used must not misrepresent the meaning of the publication.

ILRI would appreciate being sent a copy of any materials in which text, photos etc. have been used.

Editing, design and layout—ILRI Editorial and Publishing Services, Addis Ababa, Ethiopia.

Cover photo: ILRI/Yanamani Nepal (Biofermentation treatment of rice straw using lactic acid bacteria).

ISBN: 92-9146-869-X

Citation: Singh, O. P., Ghimire, S., Jha, P., Shrestha, B., Aryal, A., Nepal, S., Patino, C., Nepal, Y. and Varijakshapanicker, P. 2025.
Impact of feed innovation on dairy water productivity and methane emissions in Nepal. ILRI research report 128. Nairobi, Kenya: ILRI.



http://CGIAR Trust Fund 
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0

Impact of feed innovation on dairy water productivity and methane emissions in Nepal

Contents

Tables

Abbreviations and acronyms

Acknowledgements

Summary
1 Introduction
2 Methodology
2.1 Experimental layout
2.2 Primary data collected
2.3 Secondary data
2.4 Analytical tools
3 Results and discussion
3.1 Animal feeding pattern
3.2 Feeds and fodder equivalent embedded water used for milk production
3.3 Physical milk water productivity
3.4 Net economic milk water productivity
3.5 Economic viability of dietary improvement
3.6 Impact on methane emissions
3.7 Water, food, and livestock nexus
4 Summary and conclusions

5 References

Vi

vii

10

10

1

12

13

14

16

16

17

19



iv Impact of feed innovation on dairy water productivity and methane emissions in Nepal

Tables

Table 1: Harvest index (ratio between main product and by-products) 5
Table 2: Weather data (averaged between 1971 and 2000) 6
Table 3: Data on production, dry matter content, and metabolizable energy of main crops 6
Table 4: Crop coefficients (Kc value) 8
Table 5: Average quantity of feeds and fodder fed to the sample buffalo and ME use 10
Table 6: Feeds and fodder equivalent embedded water use 11
Table 7: Physical milk water productivity 12
Table 8: Net economic milk water productivity 13
Table 9: Economic viability of feeds and fodder improvement 15

Table 9: Adjusted means of methane emissions in buffalo feeding trial 16



Impact of feed innovation on dairy water productivity and methane emissions in Nepal

Abbreviations and acronyms

CWP Crop water productivity

CWR Crop water requirement

DM Dry matter

ET Evapotranspiration

GE gross energy

Ha Hectare

LW Liveweight

LWch Liveweight change

LWP Livestock water productivity

ME Metabolizable energy

M| Megajoule

NARC Nepal National Agricultural Research Council
NBRP National Buffalo Research Program
Wi Water intake

WP Water productivity



Vi Impact of feed innovation on dairy water productivity and methane emissions in Nepal

Acknowledgements

This work was conducted as part of the CGIAR Sustainable Animal and Aquatic Foods (SAAF) Science Program,
with a contribution from the Policy Innovations Science Program. It was funded by CGIAR through contributions
to the CGIAR Trust Fund, and AGCO Agriculture Foundation. CGIAR is a global research partnership for a food-
secure future dedicated to transforming food, land, and water systems in a climate crisis.



https://www.cgiar.org/funders/trust-fund

Impact of feed innovation on dairy water productivity and methane emissions in Nepal vii

Summary

This study assessed the impact of three livestock dietary regiments (T0 with normal straw, T, with supplementary
concentrate, and T, with biofermented straw) on milk water productivity using two approaches (dry matter and
metabolizable energy) of estimating dairy water productivity based on partitioning of the total water depleted in feed
production between residues and the main product. Methane emission was estimated using a mathematical model.
The study was conducted at the Itahari institutional farm under the National Buffalo Research Program (NBRP) and

ata commercial dairy farm in Tirahut, Nepal. Crop water requirement (m3/ha) for feed and fodder production was
estimated using the CROPWAT-8.0 model, except for oat (green fodder), where actual irrigation water data were
utilized. At the Itahari (NBRP) location, milk water productivity was 0.550, 0.574, and 0.635 liters/m3 for T, T, and
T, diets, respectively. In contrast, the Tirahut farm demonstrated higher milk-water productivity of 0.833, 0.781, and
1.143 liters/m3 for the T, T,,and T, diets, respectively. In the case of methane emissions, the lowest emission (9/
day) was from the biofermented straw-based diet. However, there were no significant differences among treatments.
Despite improved diets (T, and T,) leading to a marginal increase in milk yield at Itahari (NBPR), the net economic milk
water productivity (USD/m?3) remained negative across all dietary treatments. Conversely, all dietary treatments at
the Tirahut farm resulted in positive net economic milk water productivity, possibly due to better management. These
findings suggest that while feed and fodder interventions are not economically justified under the current conditions

at the Itahari (NBRP) location, they are both productive and economically viable at the Tirahut commercial farm.
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1 Introduction

Livestock were first domesticated around 10,000 years ago and have since played a pivotal role in the
advancement of human civilization (Salmon et al. 2020). Water remains a critical input in both food and feed
production, directly supporting food supply and global food security. Driven by demographic expansion and
rising economic prosperity, global demand for livestock-derived products is expected to increase by 35% by
mid-century (Mekonnen et al. 2019). Over the past five decades, the global production of animal-sourced foods
has more than tripled, a trend paralleled by a threefold increase in the cultivation of crops for animal (Heinke et al.
2020). Currently, nearly one-third of the world'’s cropland is dedicated to the production of feed and fodder crops
(Steinfeld et al. 2006). The rising demand for agricultural commodities - including both crop and livestock-based
- has intensified pressure on freshwater resources (Herrero et al. 2010). Moreover, water availability exhibits
substantial spatial and temporal variability and is increasingly constrained in many regions of the world (Thoma,
2016; Drastig et al. 2021).

Enteric methane emissions from livestock are primarily determined by feeding level and feed quality. Thus,
feeding and nutrition management are the most cost-effective means to reduce methane emission intensity
(emissions per unit of animal product) (Aguirre-Villegas 2017) and improve animal productivity. A study
conducted in India (NDDB, 2022), under a similar environment to Nepal, has demonstrated that improved
feeding management results in higher milk yield, reduced methane emission intensity, and lower milk production
costs.

The livestock sector not only contributes to nutritional security but also serves as a vital source of regularincome
and employment, particularly in rural areas. Therefore, enhancing its productivity and resource use efficiency is
imperative to mitigate its environmental footprint and ensure the long-term sustainability of global food systems.

Enhancing crop water productivity (CWP) and livestock water productivity (LWP) is widely recognized as a key
strategy for mitigating the adverse effects of water scarcity on sustainable livelihoods (Singh, 2005; Peden et

al. 2007; Haileslassie et al. 2009; Rodell et al. 2009; Descheemaeker et al. 2010). Improvements in livestock
productivity, feed-use efficiency, and the yield of feed and fodder crops significantly reduce the demand for
critical resources such as land and water, thereby minimizing the environmental footprint of livestock production
(Mekonnen and Hoekstra 2012; Steinfeld and Gerber 2010; Steinfeld et al. 2006). The direct consumption of
drinking water by livestock is influenced by various factors, including climatic conditions, animal age, and the
type and quantity of feed and fodder consumed (OMAFRA 2015; Higham et al. 20173, b). The overwhelming
majority of water use in the livestock sector is embedded in feed and fodder production, commonly referred to

In

as “virtual” or “embedded” water. LWP is defined as the ratio of beneficial outputs and services derived from
livestock to the volume of water depleted or degraded in producing those outputs (Haileslassie et al. 2011). Itis
estimated that more than 98% of the water used in the livestock sector is consumed indirectly through feed and
fodder production, while only about 2% is used directly for drinking and servicing (Heinke et al. 2020). Therefore,

accurately estimating the quantity and sources of feed and fodder required for livestock production, along with
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their associated water use, is essential for assessing total consumptive water use in the sector. Globally, the
production of feed and fodder for the livestock sector is estimated to require about 4,387 km? of water annually
(Heinke et al. 2020), underscoring the sector’s substantial share of global freshwater use and the critical need for
strategies to improve water-use efficiency.

Milk production from cows and buffaloes, particularly when reliant on cultivated feed and fodder, is among the
most water-intensive agricultural systems — often exceeding the water requirements of many crop production
systems (Singh 2004; Singh and Kumar 2009; Haileslassie 2011). However, the water-use efficiency of dairy
production can be significantly improved by enhancing water-use efficiency in feed and fodder cultivation. Water
use efficiency refers to the proportion of applied water that is productively consumed by the plants, primarily
through transpiration (Drestig et al. 2021). In this context, improving water use efficiency directly contributes to
reducing the water footprint of livestock production. Water productivity, a broader concept, is defined as the
ratio of output (such as biomass, harvestable yield, or economic return) to the amount of water consumed. The
numerator of water productivity can vary depending on the analysis objective (e.g., biological yield, market
value), while the denominator may include measures of water use such as transpiration, evapotranspiration,
irrigation water, or total water inflow (Molden 1997; Molden and Sakthivadivel 1997). Thus, water productivity
provides a flexible yet robust framework for evaluating and comparing water use efficiency across different
agricultural systems, including dairy production.

In the fiscal year 2021-22, Nepal's total livestock population (cattle and buffalo) was estimated at 12.55

million, with cattle accounting for 59% and buffaloes comprising 41% of the total (GoN 2023). Total number of
lactating (in-milk) cows and buffaloes was about 1.22 and 1,67 million, respectively. During the same period,
total national milk production was reported at 2.57 million tonnes, of which cow milk accounted for 1.10 million
tonnes and buffalo milk for 1.47 million tonnes. The average daily milk production per lactating cow and buffalo
was estimated at 2.47 kg and 2.41 kg, respectively (GoN 2023). These production levels are relatively low and
considered economically suboptimal, highlighting the need for targeted interventions to enhance productivity
and improve the economic viability of dairy farming in Nepal.

Pashupatinagar village in Mahottari District, Nepal, is considered a dry area, mainly due to an extended drought.
The conventional and shallow wells run dry, leaving a significant portion of cultivable land unproductive due

to insufficient water and minimal rainfall. The shortage of water for irrigation leads to parched fields, posing a
grave concern for the community. Drought, intense heat, and the unavailability of drinking water are escalating

in these areas, creating a challenging situation for villagers. In water-stressed regions, improving the water-use
efficiency of dairy production is widely perceived as a non-negotiable option. If productivity can be improved
through genetic, feed, and health improvement, more milk can be produced from the same animals with the same
quantity of water, leading to higher water productivity (Singh and Kumar 2009; Bednarski et al. 2024; Hatew et
al. 2023).
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2 Methodology

In the present study, three diets were formulated and used in a feeding trial with buffalo in two locations:

+ Control diet with normal rice straw (T )
* Improved diet 1 with normal rice straw + one kg more concentrate (T))

* Improved diet 2, where normal rice straw in T is replaced with biofermented' straw (T2)

The objective was to assess and compare the impact of the improved diets (T,and T,) on milk yield and milk water
productivity, with the overarching goal of identifying viable strategies to enhance dairy efficiency in water-
constrained regions of Nepal.

The experiment was conducted within a typical mixed crop-livestock system, in which the primary sources of
animal feed were crop residue, green fodder, and concentrate. While the specific composition of these feed
resources may vary from farm to farm, the complexity they introduce poses a significant challenge for accurately
estimating physical water productivity, which is generally defined as the ratio of total milk produced to the water
used to grow the feed.

2.1 Experimental layout

This study utilized a combination of secondary and primary data sources. Secondary weather data and data on the
nutritional composition of feed and fodder - specifically dry matter (DM) and metabolizable energy (ME) — were
collected from Feedipedia (https://www.feedipedia.org) and other peer-reviewed literature (Kelly and Thomas
(1978); Nwokolo (1987); Baking Business (2010); Huang et al. (2012); José et al. (2017); Baetge and Kaltschmitt
(2018); Infonet (2024). Market prices for inputs and data on input prices (e.g., feed ingredients) and outputs (e.g.,

milk) were obtained from prevailing local market rates. Additionally, data on the proportion of main products and
by-products were compiled from existing research studies (Saha et al. [2018]; Ramarao et al. [2020]; Kirti et al.
[2022]; Joshi et al. [undated]; Saxena et al. [undated]). Primary data were collected through experiment-based
observations and measurements at two locations in Nepal: (i) at the facilities of the National Buffalo Research
Programme (NBRP) of the Nepal National Agricultural Research Council (NARC), located in Itahari, and (ii) a
commercial buffalo farm located in Tirahut, Nepal.

The study was a randomized block design, conducted over a period of four weeks. Criteria used to select
the experimental animals include that the animals be lactating, non-pregnant, or pregnant but in the first two
T, and T, diets) of

trimesters or post-peak lactation (4-5 months). During the study period, three groups (T, T,

animals were managed:

1 Biofementation is a technology to upgrade quality of crop residues in which the residue is treated with lactic acid bacteria under anaerobic condition and fermented for
45 days.
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a.  Control diet (T ): This feeding pattern reflects the common practice largely followed by most dairy farmers in
the study area. Under this treatment, the quantity and types of feed and fodder (paddy straw, oats (forage),
compounded feed, and wheat bran) and drinking water were provided to the sample buffaloes.

b.  Improved diet-1(T,): Under this treatment, the quantity of compounded feed was changed. Under this
feeding pattern, one kg more compounded feed was given to sample buffaloes (as recommended by a feed
balancing tool developed by Heifer Nepal (https://livestocklab.ifas.ufl.edu/media/livestocklabifasufledu/
pdf-/Scale-Up-Conf_FST--Poster_9.24.2018.pdf). The rest of the feeds and fodder (paddy-straw, oats
(forage), and wheat bran) and drinking water were kept the same as in the case of T, treatment.

c. Improved diet-2 (T2): Under this treatment, changes were made in paddy straw. The paddy-straw was
upgraded using biofermentation technology (bio-fermentation breaks down the ligno-cellulose in the cell
wall of paddy straw, and hence its nutritional quality is increased), and quantity was proportionally increased
to maintain the DM content of paddy straw the same in all the treatments. The amount of the rest of the feeds
and fodder (irrigated oats), compounded feed, and wheat bran) and drinking water was almost the same as
inthe T  diet.

Each group consisted of 10 animals, of which six were at the Itahari research farm and four at the Tirahut
commercial farm (a total of 18 in ltahari and 12 in Tirahut). The 30 animals were randomly allocated to one of
the three groups, balanced as much as possible for breed, live weight, parity, lactation period, milk yield, and
pregnancy stage (if applicable) at the time of randomization.

2.2 Primary data collected

The primary data collected include the quantities of different types of feed (straw, oats forage, concentrate feed,
compounded feed) consumed, water intake, fecal output, and milk yield. The trial duration was 28 days, with
days 1to 21 for acclimatization to the diet and experimental management, and sample and data collections
during days 22 to 28. The study at the NBRP facilities in Itahari was conducted between 13 March and 9 April
2024, whereas the survey at Tirahut was conducted between 15 March and 11 April 2024. During the study, the
buffaloes were housed in individual stalls within a shed (open sides and tall roof). The stalls have provision for feed
and water troughs, and a rubber-covered floor. The floor allowed feces to be collected manually by scraping.
During the first three weeks of the study (days 1 21), the buffaloes were released daily from the shed and enabled
to exercise for approximately four hours in a yard with a soft floor. During the fourth week of the study (days
22-28), they were maintained permanently in the shed.

All the experimental diets were fed at 1.1 times the voluntary feed intake, whereas drinking water was offered ad
libitum. Dietary treatments were fed twice daily (0800 and 1600 h), with the daily ration divided into two equal
parts. At each feeding, all feed items were manually mixed with 20 kg of water. The buffaloes were manually
milked twice a day (0800 and 1600 h). The experimental animals were weighed at the start of the study and then
weekly. Animal weighing took place before the morning feeding. Animal liveweight (LW) was used for monitoring
their well-being. Liveweight change (LWch) was of little interest in this study, given the short time frame.

Daily milk yields were calculated by adding the weights of morning and afternoon milk outputs. Milk aliquots (100
ml) were immediately analyzed for fat, protein, and lactose contents, whereas other subsamples were stored
frozen for analyses of gross energy (GE) contents.

Samples of feed offered, and refusals were collected at two-day intervals. Subsamples of feed on offer and
refusals were oven-dried (65°C, 72 h) until completely dry, and DM contents calculated. Daily feed amounts
offered and feed refusals were calculated by multiplying each item’s fresh weight by its DM content.


https://livestocklab.ifas.ufl.edu/media/livestocklabifasufledu/pdf-/Scale-Up-Conf_FST--Poster_9.24.2018.pdf
https://livestocklab.ifas.ufl.edu/media/livestocklabifasufledu/pdf-/Scale-Up-Conf_FST--Poster_9.24.2018.pdf
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Daily water intake (WI) was calculated from the drinking water intake and the water intake in feed (the difference
from the DM content of feed on offer). Water intake was determined from the weight of water offered and water
refusal over 24-hour periods.

Samples of rumen fluid were collected at the end of the study (immediately after the morning milking and feeding
on day 29) using orogastric tubing (SOP 4.40 Collection of Rumen Samples, ILRI). Rumen fluid was immediately
analyzed for pH, then squeezed through two layers of cheesecloth, and subsequently, two subsamples (5 ml
each) were collected and immediately stored frozen (-20 °C) without acid addition. One subsample was used for
volatile fatty acid (VFA) analysis, and another forammonia (N H3) determination.

Fecal samples were collected seven times a day. In three-hour intervals during the daytime and four-hour intervals
during the nighttime. The next day, all seven samples of each animal were mixed to make one sample per day per
animal. For the final sample, a seven-day composite sample from each animal was mixed to produce one sample
per animal.

Urine samples were collected during urination. Time separation was done to collect the urine samples. During
the seven-day observation, urine samples from each animal were collected at approximately 2-hour intervals
and combined. After completion of the observation period, the final urine sample was prepared by adding 10%
H2S04 to lower the pH to below 3. The recording was conducted by NBRP staff at the Itahari location and by a
trained village livestock promoter at the Tirahut commercial farm.

2.3 Secondary data

The secondary data used in this study mainly include harvest index (Table 1), weather data (Table 2), production,
dry matter content, and metabolizable energy data (Table 3).

Table 1: Harvest index (ratio between main product and by-products)

Name of the crop Ratios Reference
1. Paddy Crop Paddy grain (1.0): dry paddy straw (1.25) Sirajuddin etal. (2017)
Crop Paddy grain (1.0): green paddy straw (3.0) Singh etal. (1995)
Grain Rice (69%) + hull/husk (20%) + bran (11%) Saha et al. (2018)
2. Wheat Crop Wheat grain (1.0): wheat straw (1.25) Sirajuddin etal. (2017)
Grain Wheat flour (81%) + bran (19%) Cuietal. (2013)
3. Maize Crop Maize grain (1.0): maize straw (1.34) Adeoye etal. (2011)
4. Mustard Crop Mustard grain (1.0): mustard stalk (2.14) Ramarao et al. (2020)
Grain Mustard oil (33%) + mustard cake (67%) Ratio analysis of common oil crops

(oil-mill-plant.com)

5. Soybean Crop Soybean grain (1.0): soybean straw (1.5) Joshi, et al. (undated)

Grain Soybean oil (22.70%) + soybean cake (77.29%) Ratio analysis of common oil crops
(oil-mill-plant.com)

6. Sugarcane Crop Sugarcane (1.0): sugarcane top (0.10) Mena (1987)

Stem Molasses (3.80%) + sugar (12.0%) + filter mud (3.60%)
+ bagasse (25.0% + straw (6.0%)

7. Pigeon pea Crop Pigeon pea grain (1.0): pigeon pea stalk (3.18) Kirti etal. (2022)

Grain Pulse (85.0%) + husk/chunni (15.0%) Saxena, et al. (undated)
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Table 2: Weather data (averaged between 1971 and 2000)

Month Rain Effective | Temperature (OC) | Humidity |Wind | Sunshine |Radiation (M)/ |ET,
(mm) rain (mm) | Min. Max | (%) (km/day) | (hours) m3/ day) (mm/day)

January 26.0 24.9 8.5 22.5 |81 86 8.3 15.1 2.07
February 8.0 7.9 10.2 25.3 |77 104 9.2 18.3 2.84
March 20.0 19.4 14.0 30.7 |71 121 9.6 21.5 4.10
April 29.0 27.7 20.3 34.7 |60 147 10.0 24.1 5.64
May 74.0 65.2 23.7 34.4 |67 147 9.3 23.9 5.71
June 237.0 147.1 25.2 33.6 |78 130 6.7 20.1 4.77
July 331.0 158.1 25.3 32.3 |84 121 6.2 19.3 4.36
August 363.0 161.3 28.8 32.0 |87 104 5.9 18.2 4.01
September 211.0 139.8 23.9 31.4 89 95 6.2 17.3 3.66
October 80.0 69.8 21.6 31.0 |78 86 7.8 17.2 3.59
November 9.0 8.9 14.1 28.7 |81 78 8.9 16.2 2.86
December 1.0 1.0 9.0 24.3 |91 78 8.8 14.9 2.07
Total 1389.0 |831.00 18.4 30.1 79 108 8.1 18.8 3.81

Source: CROPWAT 8.0 Model

Table 3: Data on production, dry matter content, and metabolizable energy of main crops

Nereeidaare Production | DM content | ME Total DM equivalent | Total ME produce
(kg/ha) (%) (MJ/Kg DM) | (Kg/Ha) (MJ/Ha)
Paddy Grain 3,500.00 |92.00 10.10 3,220.00 32,522.00
Straw 4,375.00 |88.94 7.01 3,891.13 27,276.79
Oat Green fodder | 60,000.00 | 39.10 7.64 2,3460.00 179,234.40
Wheat Grain 2,700.00 | 87.00 13.10 2,349.00 30,771.90
Straw 3,375.00 |91.00 6.80 3,071.25 20,884.50
Maize Grain 6,000.00 |86.30 13.60 5,178.00 70,420.80
Straw 8,040.00 | 29.60 8.40 2,379.84 19,990.66
Mustard Grain 900.00 91.70 21.70 825.30 17,909.01
Straw 1,926.00 90.00 8.00 1,733.40 13,867.20
Soybean Grain 1,250.00 88.70 15.30 1,108.75 16,963.88
Straw 1,875.00 24.00 9.20 450.00 4,140.00
Sugarcane Sugarcane 50,000.00 | 23.20 9.00 11,600.00 10,4400.00
Sugarcane top | 5,000.00 26.80 8.00 1,340.00 10,720.00
Pigeon Pea Grain 1,029.00 89.20 16.70 917.87 15,328.40
Stalk 3,275.33 | 90.00 11.00 2,947.80 32,425.77

Source: Estimated by the author

2.4 Analytical tools

2.4.1 Estimation of milk water productivity

Livestock water productivity, specifically for milk production, was assessed as the ratio of livestock output (milk
yield) to the volume of water depleted, i.e., evapotranspired (ET) water associated with the production of feed
and fodder (Peden et al. 2007; Haileslassie et al. 2009; Descheemaeker et al. 2010). In crop production, water
productivity is typically estimated by relating the total water consumed over the entire crop cycle - through
evapotranspiration - to the crop output, either in physical terms (kg) or economic terms (Rs). Crops cultivated
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during the monsoon season predominantly rely on green water (rainwater stored in the soil), with minimal
dependence on blue water (irrigation). Conversely, crops grown in winter and summer seasons generally require
larger volumes of blue water, with limited or no contribution from green water sources. In the current study,
consumptive water use — defined as the actual water utilized by the crop through evapotranspiration — was used
as the basis for estimating crop water productivity, expressed in physical terms as kilograms of biomass or yield
per cubic meter of water (kg/mq). The functional relationship between water productivity in milk production

and the corresponding inputs (feed and fodder and drinking water) and output (milk yield) can be described as
follows (Singh 2004; Singh et al. 2004; Singh and Kumar 2009):

Qmp

Odairyj = m )

Where; Sdairy j is the milk water productivity expressed in liters/m?. Q,, is the average daily milk yield from livestock, Ak is the total volume of
water, including drinking water and the water embedded in feeds and fodder by sample buffalo.

Estimation of the total volume of water used (drinking and embedded water) was carried out by:

Qar | Qe | Qo
Apiy = —= 4+ & + =% 1 Ay (2)
Odf Ogf Ocf
Where, Q, ng, and Q_, are the average quantity of dry fodder, green fodder, and balanced cattle feed used for feeding a livestock; o« o«

ande«are water productivity values (kg/m?) of dry fodder, green fodder, and balanced cattle feed, respectively;a.is the daily drinking water
consumption by livestock.

The estimated values of physical water productivity (kg/m?) for both main and by-products of crops were
incorporated into equation (2) to calculate the total volume of water used for milk production (2w). To allocate the
total water used for crop production between main products (grain) and by-products (residue/fodder), the ME
approach as suggested by Singh et. al. (2025) was used as it was found to be more functionally accurate estimate
of water use efficiency compared to other methods, particularly in integrated crop livestock systems.

2.4.2 Estimation of crop water requirement

CROPWAT 8.0 is a decision-support tool developed by the Water Resources Development and Management
Service of the Food and Agriculture Organization of the United Nations (FAO) for the estimation of reference
evapotranspiration (ETO), crop water requirement, irrigation scheduling, and irrigation water demand. The model
is based on a suite of empirical and semi-empirical equations that utilize data on rainfall, soil characteristics, crop
types, and climatic variables (Ewaid et al. 2019; FAO 2024; Patle and Panggeng 2024; Tewabe and Dessie 2020).

CROPWAT 8.0 is typically used in conjunction with CLIMWAT, a global climatic database that provides long-

term monthly averages of vital meteorological parameters. These include mean daily maximum and minimum
temperatures (°C), relative humidity (%), wind speed (km/day), sunshine hours (hours/day), solar radiation (M]/
m2/day), monthly and effective rainfall (mm/month), and reference evapotranspiration (mm/day), computed
using the Penman-Monteith method (FAO 2024a). The equation combines energy balance and mass transfer
principles to provide a robust estimation of evapotranspiration. It incorporates the influence of climatic conditions
on crop water use, thereby supporting accurate estimation of crop evapotranspiration, irrigation water
requirements, and optimal irrigation scheduling (Feng et al. 2007; Stancalie et al. 2010; Surendran et al. 2015;
Ewaid et al. 2019; Kibret et al. 2021; Patle and Panggeng 2024).

2.4.3 Estimation of reference evapotranspiration (ETO)

Evapotranspiration (ET) is the combined process of water loss from the soil surface through evaporation and from
plant surfaces through transpiration. These two processes occur simultaneously and are collectively referred to as
evapotranspiration. In the present study, CROPWAT 8 was employed to estimate reference evapotranspiration
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(ET,) using the Penman-Monteith method, which is widely regarded as the standard approach due to its
incorporation of both energy balance and aerodynamic factors (Smith et al. 1992; Allen et al. 1994, Allen et al.
1998; Doria et al. 2006; Zotarelli et al. 2010; Babu et al. 2015; Desta et al. 2015; Tewabe and Dessie 2020; Liu et
al. 2022). The Penman-Monteith equation is as follows:

0.408 A (Ry— G) + 792 U (ea — eq)

ET, =
0 A+ vy (1+0.34U,)

(3)

Where ET  is the reference crop evapotranspiration? (mm/day), R is net radiation at the crop surface (M])/m? /day), G is soil heat flux (M]/m?/
day), Tis average air temperature (°C), U, is wind speed measured at 2 m height (M/S), e_ is saturation vapor pressure curve (kPa), e, is actual
vapor pressure (kPa), e_ - e, is vapor pressure deficit (kPa), A is slope of the vapor pressure curve (kPa/°C) and is the psychometric constant
(kPa/°C).

2.4.4 Estimation of effective rainfall

Rainfall is a critical determinant of crop water requirements, as it influences the extent of supplemental irrigation
necessary to meet crop needs. A key parameter in this context is effective rainfall, defined as the fraction of total
rainfall retained in the root zone and available for crop uptake (Allen et al. 1998; Memon and Jamsa 2018; Patle
and Panggeng 2024). CROPWAT 8.0 was used to estimate effective rainfall using the model’s standardized
empirical equation, which accounts for rainfall distribution and soil water retention characteristics.

125 — 0.20) x P,
Peffective = I'total ( ) fotal for Ptota.l < 250mm (4)
125
Petrective = Ptota1(125 + 010) X Ptotal for Piotal < 250mm (5)

Where P is the precipitation in mm/month.

2.4.5 Crop water requirement (CWR)

Crop water requirement (CWR) is the amount of water required to meet a crop’s evapotranspiration demand
under specific climatic and agronomic conditions. It is estimated by multiplying the reference evapotranspiration
(ET,) by the crop coefficient (Kc), which accounts for the specific water needs of different crops and their growth
stages (Allen et al. 1998; Adamtie et al. 2022). Kc represents the ratio of actual crop evapotranspiration (ETc) to
ET,. This coefficient is dynamic and varies across crop types and growth phases - such as the initial, development,
mid-season, and late-season stages — reflecting the crop’s physiological and morphological characteristics

(Saha et al. 2025). Accurate estimation of Kc is essential for determining actual crop ETc and, consequently, for
optimizing irrigation scheduling and overall water management.

ETc =KcxET, (6)
Where ETc is crop evapotranspiration (mm/day), Kc is crop coefficient, and ET, is reference crop evapotranspiration (mm/day).

The Kc value for different crops, which is used for feeding dairy animals in the study area, is presented in Table 4.

Table 4: Crop coefficients (Kc value)

Crop coefficient (Kc) value in different growth stages of the crop
Name of the crop
Initial Mid End
1. Paddy 1.00 115 0.70-0.45
2. Oats (forage) 0.15 1.10 0.15
3. Wheat 0.15-0.50 1.10 0.15-0.3
4. Maize 0.15 115 0.50-0.15

2 Reference evapotranspiration (ETD) is the rate of water loss from a hypothetical, well-watered reference crop, like short grass, that is not limited by water or nutrient
stress. It serves as a standard for calculating the water requirements of other crops and in hydrological studies.
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Crop coefficient (Kc) value in different growth stages of the crop
Name of the crop
Initial Mid End
5. Mustard 0.15 0.95-1.10 0.25
6. Soybean 0.15 1.10 0.30
7. Sugarcane 0.15 1.20 0.70
8. Pigeon pea (pulses) 0.15 0.95 0.25

Source: Allen et al. (1998)

2.4.6 Irrigation water used for oat crop production

Oat (forage) is cultivated by farmers primarily as a forage crop to provide green fodder for dairy animals. Due

to multiple harvests throughout the crop’s lifecycle, the oat plants are not allowed to reach full physiological
maturity. Consequently, using the CROPWAT 8.0 model — which is designed for full-season CWR estimation
—would result in an inaccurate assessment of actual water use. To address this limitation, the current study
estimated the water requirement for oat cultivation based on the actual irrigation water volumes applied by
farmers over the entire cropping period. The total volume of water used for oat production was quantified using
the following expression, as suggested by Singh and Singh (2019):

Acrop =1, xHy x Py (7)

Where; A crop is total water used for crop production (m3/ha); I, is number of irrigation given to oats (forage) crop; H,, is total hours of pump
running for one irrigation; and P is pump discharge rate (m3/hours).

The water productivity of oat (kg/m?) production was determined by dividing the total green fodder yield (kg) by
the total irrigation volume (m3/ha) applied throughout the crop duration. The functional relationship representing
oat forage water productivity can be expressed:

Qoats (forage)
Ooats (forage) — A~

(8)

is the oat (forage) production in kg/hectare, A

Aoats (forage)

S

oats (forage) oats (forage) !

Where; 0., onqe 1S the water productivity of oat (forage) expressed in kg/m3. Q
the total volume of water used for oats (forage) production (m3/ha).

2.4.7 Estimation of methane emissions

Enteric methane emissions from individual animals were estimated using feed intake parameters collected over
Days 22-28. The equation used for estimating methane emission (Patra 2014) was:

CH, (MJ/d) =-0.436 (+0.665) + 0.678 (+0.184) X DMI + 0.697 (+0.347) x NDFI (9)
where DMl and NDFl are dry matter intake (kg/d) and neutral detergent fiber intake (kg/d), respectively. Mean daily CH, emissions were

expressed on an absolute basis (M)/cow/d), as well as methane yield (per unit of gross digestible feed intake) and per unit of milk yield and live
weight.
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3 Results and discussion

3.1 Animal feeding pattern

The average quantity of feeds and fodder provided to the sample buffaloes under different feeding regimes at
both locations is presented on a fresh matter and dry matter basis in Table 5. At both Itahari (NBRP) and Tirahut
locations, the average daily feed and fodder intake by sample buffaloes on a dry matter basis was recorded as
15.87 and 15.48 kg/day for control diet (T,), 16.72and 16.38 kg/day for improved diet-1(T,), and 15.27 and
14.70 kg/day for improved diet-2 (T,), respectively. Under the T  diet, the composition of feeds and fodder
provided to buffaloes on fresh matter basis was paddy straw (28%), oat-forage (52%), compounded feed (16%),
and wheat bran (4%) at both Itahari (NBPR) and Tirahut locations. Whereas for T, diet, the respective share

was paddy straw (26.92%) oat (50%), compounded feed (19.23%) and wheat bran (3.85%). As for as T, diet is
concerned, the feed and fodder composition comprised 40%, 43.33%, 13.33% and 3.33% for paddy straw, oat
(forage), compounded feed and wheat bran, respectively, at both locations.

Table 5: Average quantity of feeds and fodder fed to the sample buffalo and ME use

Quaniy (resh matter) o feeds | 0 o | o i
Names of feeds and fodder and fodder (Kg/day/buffalo) buffalo (kg/day/buffalo) | and fodder (M]/day/buffalo)

Itahari (NBRP) Tirahut Itahari (NBRP) | Tirahut Itahari (NBRP) | Tirahut
Control diet (T )
1. Paddy straw 7.00 7.00 6.52 5.92 35.88 34.84
2. Oats (forage) 13.00 13.00 5.06 5.11 32.62 34.84
3. Compounded feed' 4.00 4.00 3.40 3.60 30.97 32.18
4. Wheat bran 1.00 1.00 0.89 0.86 7.65 8.03
Total 25.00 25.00 15.87 15.48 107.12 109.90
Improved diet-1(T,)
1. Paddy straw 7.00 7.00 6.52 5.92 35.88 34.84
2. Oats (forage) 13.00 13.00 5.06 511 32.62 34.84
3. Compounded feed' 5.00 5.00 4.25 4.50 38.71 40.23
4. Wheat bran 1.00 1.00 0.89 0.86 7.65 8.03
Total 26.00 26.00 16.72 16.38 114.86 117.94
Improved diet-2 (T.)
1. Biofermented paddy straw | 12.00 12.00 5.93 5.14 32.84 30.30
2. Oats (forage) 13.00 13.00 5.06 511 32.62 34.84
3. Compounded feed' 4.00 4.00 3.40 3.60 30.97 32.18
4. Wheat bran 1.00 1.00 0.89 0.86 7.65 8.03
Total 30.00 30.00 15.27 14.70 104.08 105.36

': Balanced cattle feed (Shakti)
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In case of T, diet, the feeding strategy was further enhanced by incorporating bio-fermented paddy straw

— processed using microbial treatment to improve palatability and digestibility by breaking down complex
carbohydrates. To maintain comparable DM levels across all diets, the proportion of paddy straw was increased
to assess the impact of bio-fermented paddy straw on buffalo’s milk production. The share of paddy straw, oat
(forage), compounded feed, and wheat bran was 40.0%, 43.33%, 13.33% and 3.33%, respectively.

The DM content in feed and fodder is influenced by multiple factors, including plant variety, maturity stage,
environmental conditions, and post-harvest handling. Since ME is strongly associated with DM content, these
factors also indirectly affect ME availability. The estimated average daily ME intake per buffalo was 107.12 MJ,
114.08 M) and 104.08 MJ under T , T, and T, diets, respectively, at Itahari (NBRP) location, whereas, it was 109.90
M], 117.94 M) and 105.36 M| for TO, T1 and T2 diets, respectively, at Tirahut location.

3.2 Feeds and fodder equivalent embedded
water used for milk production

Table 6 presents the quantity of embedded water — defined as the volume of water used in the production of feed
and fodder - associated with milk production under different dietary interventions at both locations.

Table 6: Feeds and fodder equivalent embedded water use

Control diet (T,) Improved diet-1(T,) Improved diet-2 (T,)
reedsandfodder ;EgaRg) Tirahut :EgaRllj) Tirahut I(EgaRg) Tirahut
1. Paddy straw 3.245 3.151 3.245 3.151 2.970 2.740
2. Qats (forage) 0.208 0.223 0.208 0.223 0.208 0.223
3. Compounded feed 3.202 3.202 4.003 4.003 3.202 3.202
4. Wheat bran 1.162 1.221 1.162 1.221 1177 1.221
Total 7.818 7.797 8.619 8.597 7.558 7.386

The embedded water is calculated as follows:

(1) Calculate total ME production using the formula:
(Grain production x DM content in grain x value of ME per kg of DM) + (straw production x DM content in
straw x value of ME per kg of DM).

(2) Calculate total water used (m?3) for crop production.
(3) Based on the above two, calculate crop (ME) water productivity

(4) Convertthe feed and fodder fed to the dairy animal into ME value - (Quantity of Feed and Fodder x DM
content x ME per kg of DM) for each feed and fodder

(5) Based on the above, estimate the embedded water used for milk production.

Under the T  diet, most of the embedded water originated from dry fodder (paddy straw), followed by
compounded feed, wheat bran, and the least from green fodder (oat forage) at both Itahari (NBPR) and Tirahut
locations. In contrast, under improved diets (T] and Tz), compounded feed emerged as the largest contributor
to embedded water, followed by paddy straw, wheat bran, and oats (forage) at the Itahari (NBRP) and Tirahut

locations.
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In case of T diet, total embedded water used for milk production was 7.818 and 7.797 m3/day/buffalo at Itahari
(NBRP) and Tirahut location, respectively, whereas, in case of T, diet, it was 8.619 and 8.597 m3/day/buffalo,
respectively. As for as T, diet is concerned, the embedded water used for milk production was estimated to be
7.558 and 7.386 m3/day/buffalo at Itahari (NBRP) and Tirahut location, respectively.

Among the three dietary regimes, T, diet recorded the highest embedded water use, primarily due to the
inclusion of an additional one kg of compounded feed per buffalo/day as compared to T,and T, diets. In the case
of T, diet, the feeding strategy involved bio-fermentation of paddy straw. To maintain consistent DM intake, the
quantity of paddy straw was proportionally increased as compared to T and T, diets, though with a lower overall
embedded water footprint than T, and T  diets.

3.3 Physical milk water productivity

Physical milk water productivity (liter/m?) is intrinsically linked to the water efficiency of the feeds and fodder
production, which constitutes approximately 98% of the total water used in milk production in the form of virtual
water (Descheemacher et al. 2010; Singh 2004; Singh et al. 2004; Singh and Singh 2019; Singh and Kumar
2009; Haileslassie et al. 2011). In contrast, less than 2% of total water use is attributed to dairy animals’ drinking
water. The types and composition of feeds and fodder significantly affect milk water productivity, as supported by
Gebreselassie et al. (2009).

The physical milk water productivity under three distinct diets was evaluated at ltahari (NBRP) and Tirahut
locations, and the results are summarized in Table 7. Across all diets, Tirahut consistently exhibited higher milk-
water productivity than Itahari (NBRP), indicating greater efficiency in water use for milk production. Under the T
diet, the total water utilized per buffalo/day was estimated at 7.892 and 7.876 m? at Itahari (NBRP) and Tirahut
location, respectively. Corresponding daily milk yields were 4.340 and 6.560 liters/buffalo, respectively. The
milk water productivity — expressed as liters of milk produced per m® of water used — was calculated at 0.550 and
0.833 liters/m? at Itahari (NBRP) and Tirahut, respectively.

Table 7: Physical milk water productivity

Control diet (T,) Improved diet-1 (T)) Improved diet-2 (T,)
Feedsand fodder mgaR';) Tirahut mgaR';) Tirahut mgaR';) Tirahut
1. Feeds and fodder (m3/day/buffalo) 7.818 7.797 8.619 8.597 7.558 7.386
2. Drinking water (m3/day/buffalo) 0.074 0.079 0.074 0.083 0.081 0.085
3. Total water used (m3/day/buffalo) 7.892 7.876 8.693 8.680 7.639 7.471
4. Milk production (It/day/buffalo) 4.340 6.560 4.990 6.780 4.850 8.540
5. Milk water productivity (It/m?3) 0.550 0.833 0.574 0.781 0.635 1.143
6. Milk water footprint (m3/It) 1.818 1.200 1.742 1.280 1.575 0.875

Under the T, diet regime, the total water used for milk production was estimated at 8.693 and 8.680 m*/day/
buffalo at Itahari (NBRP) and Tirahut location, respectively, whereas milk production from sample buffalo was
4.990 and 6.780 liters/day/buffalo, respectively. The inclusion of one additional kg of balanced feed in T, diet,
relative to the T diet, led to an increase in water consumption of 0.801 and 0.804 m*/day/buffalo, at Itahari
(NBRP) and Tirahut location, respectively. This dietary enhancement resulted in incremental milk yield gains of
0.650 and 0.220 liter, respectively, as compared to T diet at ltahari (NBPR) and Tirahut location, respectively.
The physical milk water productivity for the Itahari (NBRP) and Tirahut locations was 0.574 and 0.781 liters/m3,
respectively. The response to dietary improvement — measured in terms of milk yield per unit of water used — was
more pronounced at the ltahari (NBRP) location, indicating a higher efficiency of the added balanced feed in
improving water productivity at the Itahari (NBRP) location as compared to the Tirahut location.
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Under the improved diet T, bio-fermented paddy straw was introduced into the feeding regime for the sample
buffalo at both locations. The effect of this treatment was more pronounced at the Tirahut location compared

to the Itahari (NBRP) location. The total water used for milk production under the T,dietwas 7.639 and 7.471
m3/day/buffalo at Itahari (NBRP) and Tirahut location, respectively. Two key benefits were observed with

the adoption of bio-fermented paddy straw: [a] reduction in total water use for milk production (-0.253 and
-0.405 m3/day/buffalo at Itahari (NBRP) and Tirahut location, respectively, when compared to T, diet; and [b]
incremental milk yield of 0.510 and 1.980 liters/day/buffalo at Itahari (NBRP) and Tirahut location, respectively,
relative to T diet. As a result, the milk water productivity under the T, diet improved to 0.635 and 1.143 liters/
m?3 at Itahari (NBRP) and Tirahut location, respectively, highlighting the enhanced efficiency of water use in milk
production due to the integration of bio-fermented paddy straw.

3.4 Net economic milk water productivity

The net economic milk water productivity (USD/m?) under different dietary treatments at both study locations

is presented in Table 8. The results reveal a contrasting trend between the two locations. At Itahari (NBRP),

the net economic milk-water productivity was negative across all diets, whereas at Tirahut it was consistently
positive. Under the T  diet, the net economic milk-water productivity was estimated at USD -0.025/m? for Itahari,
compared to USD 0.143 at the Tirahut location. With improved diet T,, which included an additional one kg of
compounded feed, the net productivity declined slightly to USD -0.030 /m?3 and USD 0.093/m? at Itahari (NBRP)
and Tirahut location, respectively. However, with T, diet, where paddy straw was bio-fermented, Itahari (NBRP)
recorded the lowest net economic productivity (USD -0.047/m?3), while Tirahut achieved the highest value of
USD 0.247/m?3. The negative net economic water productivity observed at Itahari (NBRP) can be attributed to
two main factors: (i) the cost of feeds and fodder exceeded the net income generated from milk sales; and (ii)
lower milk yields were recorded from sample buffalo compared to those at Tirahut. These findings underscore the
importance of both feed and fodder efficiency and milk production in improving the economic water productivity
of the dairy production system.

Table 8: Net economic milk water productivity

Control diet (T ) Improved diet-1(T,) | Improved diet-2 (T,)

Feeds and fodder

iﬁgaRg) Tirahut mgaR';) Tirahut iﬁgaRg) Tirahut
1. Total water used (m3/day/buffalo) 7.892 7.875 8.693 8.680 7.638 7.471
2. Milk production (liter/day/buffalo) 4.340 6.560 4.990 6.780 4.850 8.540
3. Milk price (USD/ liter) 0.597 0.597 0.597 0.597 0.597 0.597
4. Gross income from milk (USD/day/buffalo) 2.591 3.916 2.979 4.048 2.896 5.099
5. Cost of feed and fodder (USD/day/ buffalo) 2.787 2.787 3.239 3.239 3.257 3.257
6. Net income (USD/day/buffalo) -0.196 1.129 -0.260 | 0.809 -0.361 1.842
7. Net economic milk WP (USD/m3) -0.025 0.143 -0.030 0.093 -0.047 0.247

1 USD=134 Nepalese Rupees (NPR)

At Itahari (NBRP) location, the cost-benefit analysis of feed interventions revealed economic inefficiencies across
all dietary treatments. Under T diet, the daily cost of feeds and fodder was USD 2.787/buffalo, which exceeded
the corresponding gross income from milk production (USD 2.591/buffalo), resulting in negative net economic
milk water productivity. For diet T,, the cost of feeds and fodder increased by USD 0.452/day/buffalo over the
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T, diet due to the inclusion of additional one kg balanced cattle feed, but this yielded only an incremental gross
income of USD 0.388/day/buffalo from milk sales over T, diet, thereby sustaining a negative net economic milk
water productivity of USD -0.030/day/buffalo. Similarly, under T, diet, which involved the use of bio-fermented
paddy straw, the cost of feeds and fodder increased by USD 0.470/day/buffalo relative to the T, diet, while the
associated gain in milk revenue was limited to USD 0.304/day/buffalo. This led to a negative net economic milk-
water productivity of USD -0.047/day/buffalo. These findings suggest that at Itahari (NBRP), the enhancements in
milk yield achieved through dietary improvement (T, and T,) did not offset the additional cost of feed and fodder.
Thus, feed- and fodder-based interventions under current conditions do not appear economically viable in this
location.

At the Tirahut location, the highest net economic water productivity was recorded under T, diet reaching USD
0.247/m3, while the lowest was under T, dietat USD 0.093/m3. Under T, diet, the daily cost of feeds and fodder
per buffalo was USD 2.787, which was lower than the gross income of USD 3.916/day/buffalo from milk sales,
resulting in a positive net economic milk water productivity of USD 0.143/m?. With the adoption of T, diet,

the cost of feeds and fodder increased by USD 0.452/day/buffalo over T, diet, whereas the corresponding
incremental gross income from milk production was USD 0.131/day/buffalo. Despite the relatively modest
income gain, the net economic milk-water productivity remained positive at USD 0.093/m?3. In the case of T,
diet, which involved feeding bio-fermented paddy straw, the cost of feed and fodder increased by USD 0.470/
day/buffalo compared to the T, diet, while the gross income rose by USD 0.304/day/buffalo. This led to the
highest net economic milk water productivity (USD 0.247/m?3) among all dietary intervention. These results
indicate that the Tirahut location, and the increased feed and fodder costs associated with both (T1 and Tz) dietary
improvements, were effectively offset by higher milk revenues, making both interventions economically viable.
It is important to note that the bio-fermented paddy straw under T, diet has a more substantial positive economic
impact than the additional balanced feed provided under T, diet.

3.5 Economic viability of dietary improvement

An increase in milk yield from dairy animals — whether achieved through enhancements in the nutritional quality
of feeds and fodder or through greater quantities of feed and fodder intake — does not necessarily translate into
economic viability. While such interventions may improve physical milk-water productivity (liters/m3), they often
incur higher feed and fodder costs, which may not be adequately compensated by the incremental income from
enhanced milk production. Therefore, assessing the economic feasibility of dietary interventions is essential to
ensure that any gains in milk yield result in positive net financial benefits for dairy animals.

The present study evaluated the economic sustainability of dietary improvements in buffalo feeding systems
based solely on income derived from milk production. Other potential sources of income from buffalo rearing
—such as revenue from dung and calf production — were excluded from the analysis. It is important to note that
crop production and dairy farming are complementary enterprises because the by-product of one is used as an
input for the other. Dung is a by-product of dairy farming and is commonly used by farmers as organic manure,
providing a valuable nutrient input for crop production. Additionally, the market value of female buffalo calves
significantly increases as they near lactation.

Uniform feeding protocols were maintained across both locations, with the quantity of feed and fodder
administered per buffalo recorded at 25.0, 26.0, and 30.0 kg/day/buffalo under T, T, and T, diets, respectively
(Table 9). The findings revealed that net income from milk production was negative under all diets at the Itahari
(NBRP) location. In contrast, positive net income was observed for all diets at the Tirahut location, indicating site-

specific variations in the economic viability of dietary interventions.
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Table 9: Economic viability of feeds and fodder improvement

Control diet (T,) Improved diet-1(T,) | Improved diet-2 (T,)
Particulars :E;aRg) Tirahut l(EEaRg) Tirahut :'l:\el]l:aRI;) Tirahut
1. Quantity of feeds and fodder (kg/day/buffalo):
a. Paddy straw 7.00 7.00 7.00 7.00 12.00 12.00
b. Oats (forage) 13.00 |13.00 13.00 13.00 13.00 13.00
c. Compounded feed (Shakti) 4.00 4.00 5.00 5.00 4.00 4.00
d. Wheat bran 1.00 1.00 1.00 1.00 1.00 1.00
Total 25.00 |25.00 |26.00 26.00 30.00 30.00
2. Market price of feeds and fodder (USD/kg):
a. Paddy straw 0.054 | 0.054 0.057 0.057 0.070 0.070
b. Oats (forage) 0.029 | 0.029 0.030 0.030 0.030 0.030
c. Compounded feed (Shakti) 0.423 |0.423 |0.425 0.425 0.424 0.424
d. Wheat bran 0.334 |0.334 0.336 0.336 0.336 0.336
3. Market value of feeds and fodder (USD/day/ buffalo)
a. Paddy straw 0.381 0.381 0.396 0.396 0.842 0.842
b. Oats (forage) 0.381 0.381 0.384 0.384 0.384 0.384
c. Compounded feed (Shakti) 1.690 |1.690 2.123 2.123 1.695 1.695
d. Wheat bran 0.334 |0.334 |0.336 0.336 0.336 0.336
Total 2.787 | 2.787 3.239 3.239 3.257 3.257
4. Milk production (liter/day) 4.340 |6.560 |4.990 6.780 4.850 8.540
5. Market price of milk (USD/ liter) 0.597 |0.597 |0.597 0.597 0.597 0.597
6. Gross income from milk (USD/day/buffalo) 2.591 3.916 2.979 4.048 2.896 5.099
7. Net income from milk (USD/day/buffalo) -0.196 | 1.129 -0.260 0.809 -0.361 1.842

TUSD =134 NPR

At the Itahari (NBRP) location, the estimated daily cost of feeds and fodder was USD 2.787/buffalo, USD 3.239/
buffalo and USD 3.257/buffalo for T, T,and T, diets, respectively. The corresponding daily gross income from
milk production was USD 2.591, USD 2.979 and USD 2.896/day/buffalo for T, T,and T, diets, respectively. As
aresult, netincome from milk production was negative across all diets i.e., USD -0.196, USD -0.260 and USD
-0.361/day/ buffalo under T, T,,and T, respectively. These findings suggest that dietary improvements at

the Itahari (NBRP) location were not economically viable. The additional income from increased milk yield was

insufficient to offset the higher costs of enhanced feed and fodder inputs.

At the Tirahut location, the total daily cost of feeds and fodder per buffalo was estimated at USD 2.787, USD
3.239and USD 3.257 for T, T,, and T, diets, respectively. The corresponding gross revenues generated from milk
production were USD3.916, USD4.048 and USD 5.099 per day per buffalo for T , T, and T, diets, respectively.
This resulted in net daily incomes of USD 1.129, USD 0.809, and USD 1.842 per buffalo under, respectively, under
T, T,and T, diets, respectively. Compared to control diet (To), T, diet led to a decrease in netincome by USD
0.321/day/buffalo, while T, diet resulted in an increase in net income of USD 0.712/day/buffalo. These findings
indicate that adding 1 kg of balanced feed to diet T, reduced profitability, whereas bio-fermentation of paddy
straw (T2 diet) significantly enhanced net revenue.

Despite similarities in the types and quantities of feed and fodder offered across locations, the economic
outcomes diverged. Dietary improvements at the Itahari (NBRP) location were not economically beneficial,
whereas the same interventions at the Tirahut location demonstrated clear economic advantages, particularly
for bio-fermented paddy straw, thereby highlighting location-specific responses in the profitability of feed and
fodder interventions.
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3.6 Impact on methane emissions

The treatments did not show significant differences in methane production (g/day). Improved Diet 2 animals
produced lower methane per day than Control and Improved Diet 2 because of lower dry matter intake, while
Improved Diet 2 and Control produced similar levels averaged across locations (Table 10).

Table 9: Adjusted means of methane emissions in buffalo feeding trial

Location Treatment N animals gv/eg;lge methane SDt::v gv/ekr;%e,\;‘rlm)ethane Std. Dev.
NBRP Control 6 297 8.6 19.52 0.01
Improved Diet1 | 6 310 5.1 19.37 0.01
Improved Diet2 | 6 290 5.0 19.67 0.00
Tirahut Control 3 276 10.6 19.58 0.01
Improved Diet1 | 4 288 16.7 19.52 0.03
Improved Diet2 | 4 262 7.1 19.77 0.00
Probability
NBRP vs Tirahut <0.0001 <0.0001
Ctlvs Imp1 vs Imp2 <0.0001 <0.0001
Combined Control 9 289 0.2 19.54 0.01
location Improved Diet1 | 10 301 0.22 | 19.46 0.01
Improved Diet2 | 10 279 0.22 |19.67 0.01
Ctlvs Imp1 vs Imp2 <0.0001 <0.0001

Improved Diet 1= Feeding support tool-based diet; Improved Diet 2= Biofermented straw-based diet

Although the (treatment + location) interaction effect was significant, Improved Diet 2 has slightly higher
methane in terms of g/kg dry matter intake (DMI) than the other two treatments in both locations because

of lower dry matter intake in Diet 2 (dry matter content of biofermented straw was less because of higher
moisture%). The interaction is caused by the methane g/kg DMI production in Tirahut being similar for Control
and Improved Diet 1.

3.7 Water, food, and livestock nexus

The interdependence of water, food, and livestock resources in Nepal is particularly significant, given the
country’s heavy reliance on integrated crop-livestock farming systems and increasing pressures on natural
resources. Livestock production depends heavily on feed and fodder, which require substantial water inputs

to produce. Notably, most of the water utilized in the livestock sector is not consumed directly by animals but

is instead embedded in the production of these feeds and fodder. In areas prone to water shortages, such as
Pashupatinagar, improvements in feed quality—such as the use of bio-fermented straw—can increase milk
production and improve water productivity. Optimizing the linkages among water, food, and livestock is crucial
for promoting sustainable agricultural development and protecting rural livelihoods in Nepal.

The study examined the impact of feed innovation on dairy water productivity and methane emissions, providing
valuable insights for sustainable livestock management. The research introduced improved feed innovations
designed to enhance milk production while reducing resource use.
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4 Summary and conclusions

The present study evaluated the effects of three dietary regimes, TO, T, and Tz, on milk water productivity, using
DM content and ME derived from feeds and fodder as analytical parameters. Methane emission was estimated
using feed intake parameters. The total quantity of feed and fodder offered per buffalo/day was 25, 26 and
30kgforT,, T, andT,, consistently applied across both locations viz., Itahari (NBRP) and Tirahut. At the Itahari
(NBRP) location, the total embedded water associated with feed and fodder consumption was 7.892, 8.693,
and 7.638 m*/day/buffalo for T, T,,and T, respectively. At the Tirahut location these values were slightly lower
at7.875, 8.680, and 7.471 m3/day/buffalo for T, T,and T,, respectively. These results offer insight into the
water resource implications of dietary interventions in buffalo-based dairy production system. Results showed
that though improved diet conditions, especially biofermentation, did not significantly improve milk production,
they increased milk water productivity as less water was used compared to the control and the treatment with
supplementation. Biofermentation also reduced enteric methane emissions, demonstrating a clear climate

mitigation benefit.

The milk water productivity (measured in liters/m?3) at Itahari (NBRP) location was recorded as 0.550, 0.574, and
0.635 liters/m*for T, T,, and T, respectively. In comparison, the corresponding values at the Tirahut location
were 0.883, 0.781, and 1.143 liters/m?, respectively. The addition of 1 kg of compounded feed under T, diet,
elicited a greater milk yield response at Itahari (NBRP) than at Tirahut location. However, the beneficial effect of
bio-fermented paddy straw in T, diet was more pronounced at Tirahut, indicating a location-specific advantage of

this dietary intervention.

At the Itahari (NBRP) location, net economic milk-water productivity (expressed in USD/m?3) was negative across
all dietary treatments. This outcome is primarily attributable to: (a) feed and fodder costs exceeding the income
generated from milk sales, and (b) comparatively lower milk production per buffalo than that observed at Tirahut.
In contrast, Tirahut demonstrated positive net economic milk-water productivity across all diets, suggesting that
increased revenues from enhanced milk production effectively offset the higher feed and fodder expenditure.

The economic analysis indicates that even the baseline diet (TO) was not economically viable at the ltahari (NBRP)
location. Although dietary improvement (T, and T,) led to modest increases in milk production, the incremental
revenue failed to offset the additional costs of feed and fodder. Conversely, at the Tirahut location, dietary
enhancements proved economically beneficial; the revenue from increased milk production not only covered the
additional feed and fodder costs but also resulted in a substantial net income.

Despite the application of comparable feed and fodder types and quantities across both study locations,

these findings underscore the location-specific nature of economic returns to dietary interventions. While feed
improvement strategies did not yield the expected profitability gains at Itahari (NBRP), they significantly improved
economic outcomes at Tirahut, where dietary improvement effectively maximized returns from milk production,
possibly due to efficient management.
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The results of the methane study did not statistically confirm the expected positive effect of including physically

or biologically treated rice straw on enteric methane emissions. However, the covariate analysis revealed that
both average milk yield and dry matter intake during the experimental adaptation period significantly affected
key performance indicators, particularly milk yield and enteric methane emissions. There were a few inconsistent
facts that suggest the straw biofermentation influenced the measured variables. First, the cattle diet containing
bio-fermented straw resulted in higher fiber intake and digestibility, but these did not significantly translate into
increased animal performance (milk yield), although methane emission per unit of fiber intake was lower than that
of cattle fed on untreated or shredded straw. Second, the buffaloes fed on bio-fermented straw had inconsistently
slightly higher methane emissions per unit of dry matter intake than in the other two treatments, primarily due to
lower total dry matter intake in Diet T..
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