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Abstract

Waterscarcity and climate induced drought hazards have emerged as major challenges irhilie ofiepal.
Current production | evels are not meeting the popul at
the main issues in Nep&ustainale intensification ) interventionsaimto intensify production levels on farms,
without negatively impacting environmental or social factdhss study is aimed at determining the opportunities

and tradeoffs of Sl interventions tdarm management toérease selfufficiency of subsistence farming systems

in the Surkhet districimproveduse ofirrigation is an important tool for sustainably intensifying agriculture in
Nepal, resulting in higher se$iufficiency with a minimum input of wateBy usingthe AquaCrop modelhe
studyquantifies the impact dfrigation applications on the staple crops of the Surkhet district in-Wesaland

optimal irrigation levels have been identifiéthe FarmDESIGN model was used fploratiors of new farm
configurations and indicated tradéfs and synergies amongst farm management objecfveaximizing organic

matter balance, dietary energy production, and feedral@hce and minimizing water usagehis analysis
revealedthat irrigationalone is not sufficient for achieving sustainable farm produclienminimize the trade

offs between objectives for intensificatiamcombination of Sl interventions is beneficiah€éinterventionould

lead to more effective utilization othe availeble land and waterlncorporating practices of sustainable
intensification like deficit irrigation, triple cropping systems, and enhanced management of manure and mulching
in farm managemerman improve soil fertilitypenefitsoil waterholding capacityandincreasecrop yield. When
implemented together, theS interventionswill ultimately result inincrease crogproduction and greater year

round selsufficiency.

Keywords: Irrigation, increased productigrsubsistence farming, crepater demand, AquaCrop, FarmDESIGN,
crop modelling
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1. Introduction

Global food production systems are under great presetiufil the increasing demand for foadorldwide, while
simultaneously having teonquer challengin@nd changingclimatic conditions(Ramankutty, et al., 2018)
Looking at Nepal¢climate change effectich as erratic weather patterinsreasingemperature, heat and drought
stress to plants, soil erosion, landslides, heavy pretguitalong with global warming, alarminghffect the
agriculture crops and cause for insecurity of rural livelihGodse x i (EHapagain & Gentle, 201&hrestha,

2019. Besideghis, a long lasting unequal social structuredglingto the vulnerability of farmerparticularly

with regards to gender dynamidSconomic factors often drive men to migrate, leaving wométh the
responsibility of both physical farm labioand householduties (Kaini et al., 2022 he limited role of women

in community decision making create unequal power relations within the farmer communities in villages when it
comes to resource distribution (Sugden et al., 2014).

Nepal's diverse climate is greathfluenced by its topographical featu@ihardiman et al., 2015)he country
experiences a wide range of climatic conditions, which vary as the elevation changes. These variations are quite
significant, ranging from sutropical climates to Alpingype dimates. The elevation levels shift from 64 meters
above sea level to 8,850 meters at the peak of Mount Everest, all within less than 200 kildrhetersnsoon

plays a crucial role in Nepal's weather pattetrosoking at the seasonality in Nep&IIAT (2017) defined three

main cropping seasonBarkha the monsoon seasd@duly-October);Shishir, winter (NovembefFebruary); and
Basantasummer(March-June)Ar ound 80% of Nepal 6s population is depe
livelihood, while only 24% of all arable land is irrigat€8uhardiman et al., 2015Jhe high dependence on
monsoon rainfall due to a lack of irrigation is a main reason Wmlgricultural productivitf{ CIAT; World Bank;

CCAFS and UBIRD, 2017).Besidesprecipitation being highly variable in time, this variability also shows in
spaceQbservations over the past few decades indicate an upward trend in annual precipitatieastern region

of the country,anda decline in precipitation in the western region (Pokharel et al., 2C®sequentlythe

primary riverin the western regigrwhich serves as a crucial water source for irrigation and other agricultural
activities, experiences longer periodsdsbughtduring both winter and summer seasons. These changes have
negative implications for the agricultural sector in the westerronegif Nepal (Pokharel et al., 2019).

Current production | evels are not meeting the popul at
the main issues in Nepal (Kaini, etal.,202Ph e f oundati on of Nepas$riceswhaay,r i cul t |
maize (Ganesh Raj, 2018 hese crops are mostly grown in mixed farming systems including livestock and a

variety of legumecrops and vegetables. Multiple factors contribute to the low agricultural production level
(Alomia-Hinojosa, 2021)Importantfactors arethe size and managementtioéfarm. Farmers own small plots of

farmland (up toon ha) and uséraditional farming methods (e.g., use of nXer ploughing) which are not as

efficient as more aatemporaryand mechanisethethodswith respect tdabour intensity and production levels

(Sharma, 2022Shrestha, 20106

This research is connected to the larger framework of the Sustainable Intensifiddti@d Farming Systems
(SI-MFS) project led by CGIAR. CGIAR, an internatially recognized organization dedicated to agricultural
research and development, has initiated a comprehensiveytfagaojectfocused on sustainable intensification
including six countries worldwideThe goal of the SMFS project is to advance aguitural practices that
emphasize sustainability and productivity within the context of mixed farming systestainable intensification

(SI) aimsto intensify production levels on farms, without negatively impacting environmental or social factors
(Musumba et al., 2017). Nevertheless, the implementation of Sl interventions may encounter obstacles due to
various constraints such as limited resources, unsuitable soil conditions, and farmers' motnatiwadeoffs

that may exists among performance aadors To overcome these challenges, it is essential to provide context
specific recommendations that consider the diverse farming environments and compl&csnoimic structures
(Weltin et al., 2018)These recommendations are necessary becausenuifqaroaches to enhance agricultural
productivity and ensure food security may not be feasible due to the varying circum@tumesba et al., 2017

Jain et al., 2020)Babu & Sah (2019tate that there is need for decentralization of agricultural n&fsead
information flow withinthe current organizational structure Né&pal Agricultural ResearciCouncil (NARC).



Designation of more widely spread agricultural research stations is needed to focus on regionahchuig
regional challenges and pgrtunities(Babu & Sah, 2019)By promoting practices that optimize resource use,
increase production efficiency, and consider social dimensions, k& Slprojectseeks foipositive and lasting
impacts on farming communiti€¢€GIAR, 2021)

Next to fitting the Sl interventions with ¢henvironmental context of the research area, another factor to success

is the willingness of farmers to adopt changes to their current farming manag&vedtim et al., 2018)It is

i mportant to understand t he f andtoernhanée the success efcStlocale s o n
discussions and coordination is required as stated by Weltin et al., (By1&)nsidering both the environmental

context as well as the social context, intensification of farming systems has the greatest potsatied¢ed
(WynneJones et al., 2019)

1.1. Problem description

Erratic rainfalland climate induced drought hazatdive emerged as major challenges in themild of Nepal.
Landslides, floods, and ongoing erosion of the soil are just extamplegSuhardiman et al., 2015)his research

will focus onoptimal irrigation levels irthe mid-hill region of WestNepd, wher e t he countryobés | a
in altitude can be foundHere,the challenge of proper water management is identifid more challenginpan

in theterai and mountain regions (CGIAR, 2019 he increasingly erratic precipitation Nepal § intensifying

the problem of two opposites: the excess water during the monsoon season and the water scarcity during the dry
seasons. Togethdhis iscreating a serious threat to the livelihood of rural communitiéee mid-hills where
subsistence farminig the main farming system (Shrestha, 20B@&sed on earlier study site visits and discussions

with farmers it has become clear that there is need for further research on improved water use, to increase soil
health and crop growth, fodder production andhow to create a climate resilient farming system (CGIAR, 2022).

This situation asks for a more climate resilient redesign of the farming systems, where production will intensify,
and food security will increase.

Previousresearchdentified thatsustainable intensification interventions are not possible without ensuring water
availability in the areas of studgxplaining mostly about water storage and irrigation techni(id€&L, 202).

Besides knowledge about possible irrigation techniques, ledge about how much irrigation water is needed in

a specific area is crucial for sustainable water manageriémetchief technical advisdir. Binaya Jha from the

DCRL project (Developing Climate Resiliehtvelihoods) founded by th&overnment of Nepastated that
farmers are gradually reducing the number of livestock as there is not enough feed and water available to keep
them healthyf{DCRL, 202). During the orientational phase of thel@FS initiativein Nepal,identifiedproblerns
includedlack of knavledge on soil managementater management and manure manageraadtcrop suitability

on different soil type$CGIAR, 2022) As Shrestha (2016) states, there is no silver bullet to solve the agricultural
underperformance. A combined approach of Sl interventions is more likely to benefit smallholder farmers in the
mid-hills of Nepal.In this research, the possible Sl intervemsidor a combined approach will be identified.

1.2. Research aim

This studyanalysedhe potentialmprovement ofrrigation applications on the staple cropgtod midhill region

of WestNepal,the Surkhet districtlt identifiesthe effecton crop levelof severalirrigation levelson thecrop
performance of theurrent farmingsystemin Surkhet.The studyis aimed at determining the opportunities and
tradeoffs on farm levelof changes in farm management with respect to water use, with the aim to increase
productivity and selsufficiency of subsistence farming systeribere are multiple specific objectives to this
researct{seeAppendixA for the extended research objectivad guestions)

1. To review the current challenges that Nepalesehitidarmers face in relation to water availability and
irrigation practices

2. Tosimulateperformancef severatcropsfor a variety of irrigation levels by using the AquaCrop model.

3. To exanine options forfarm adjustments (e.g., cropping patterns, number of livestock)effitient
allocation of available irrigation water resour@slto explore tradeoffs and synergies among socio
economic and environmental performance indicators



Basedon the objectives mentioned above, the research question of this study is:
What are possible irrigation strategies for optimal use of water for agriculture in thehiflsdof Nepal, to
sustainably intensify production levels?

2. Methods and Materials

2.1 Research context

For theSI-MFS case study in Nepal, the focwason sustainable intensificatigl) throughoptimaluse of water

for agricultural The focus area of this study w@siohakot municipalityin the Surkhet district (Figure 1), located

in the midhill region of WestNepal (3002000 m.a.s.l.) (see Figure 1). The main farming systems of the visited
sites were subsistence smallholder mixed farming systems. Withilisthiet, research farms had been defined by
CGIAR (2022) and the International Water Management Instit

(IWMI) to participate in the SMFS initiative, of which a random /ﬂ{‘ﬂk
selection of farmers was included in this study by means of ( %/ e’@

collection. This dudy was limited to the analysis of the crof L \f
maize, wheat, rice, potato, and lentil, and did not focus on o - : ﬂ%ﬁru?

crops present in the farming system in Surkhet. Next to this, le \(\g\ r,\;éi:xfz}\}“ﬁ“\,

L

and profit were not included as evaluation criteria for this stu qmﬁ%f@i A

. 7 ) . 3 E 4
as thefarmers of the study were subsistence farmers, and L}:‘éyww 194 /}
exchange of goods and labor within the village was more comr ' 75:&(\%

instead of sales of produce or hiring of lalidéence, the focus was_. . .
- . i Figure 1. Geographical location of the Surkhet
on indicators of wholdarm productivity, environmental yciictin N epal

performanceand selsufficiency.

2.2. Methodological framework

The research was divided into four steps, as shown in Figure 2. First, current difficulties concerning water
availability, climatic situation in Surkhet, and agricultural challenges were identified through a literature review.
Then, farm specifications affidrmers' perspectives on Sl interventions were identified by conducting a household
survey during the field visit. Third, two models for analysis (AquaCrop EDdwere used to analyze farm
performance under a trend in irrigation levels. The yield oupmt AquaCrop(AC) was used as input for the
scenarios inFD. Lastly, exploration of opportunities for alternative farm scenarios and-off&gleamong
performance indicators was identified with i@ model.



Step 1:
Literature review

Step 2:
Farm

charactarization
- )

Step 3:
Modelling with
AquaCrop and
FarmDESIGN

Step 4:
Exploring farmers
desired farm
scenarios

Figure2. Methodological famework of research steps. Arrows represent information flows between th&seepange
boxesrepresenthe research steps takehedark blueboxesshow the activity and outcome of the research steptrand

Literature review case
study area and current
problems regarding
agriculutre

General farm system
analysis and farmers
perspectives on farm
management changes

AquaCrop FarmDESIGN
Model 5 irrigation levels Model 7 scenarios for
for effect on crop effect on performance

performance indicators

Analyse opportunities
and trade-offs of
exploraty farm
scenarios

light blueboxesindicate the used methodological tools for the research step

2.3. Data collection
Climatic data

Most recentand complete historical climatic data (1 January 20131 December 2019) was collected from a
di stri ct(Nairg BB 606 N,

representative meteorological databbser t he Sur khet

The database contained monthly average precipitation, average minimum, and maximum temperature per month,
wind speed and radiatioobtained using the NASA Langley Research Center (LafR€8appendixB for all
climatic data). Tablé provides an overview of the contextwaald climaticdata of the case study area

Secundaire data,
literature review

Household
surveys and
personal
interviews

-—

AquaCrop &
FarmDESIGN
simulation model

FarmDESIGN
exploration

Tablel. Contextuabhnd climaticinformationof Surkhet (source: World Bank Group, 2021)

Province Karnali Province
Area 2,451 km2
Climate Moderate climate
Winter temp5 °C
Summer temp 38C
Altitude Range from 300m to 2000

Precipitation

765 mm

(annual average)

Dry days (annual) 186 days

Soil data

Soil data for the Surkhetrea was derived from the digital soil map of the National Soil Science Research Center

of NARC (Nepal Agricultural Research Center). This data in the map was collected from various government
projects and included characteristics such as soil texturpHsdDM content, and total nitrogen available (NARC,

2023). The map allowed zooming in on the case study area and creating an average of this area. During the field
visit, six soil samples from different cropping fields were taken to the lab to idehé&fgoil characteristics and to
calibrate the soil data derived from the NARC database. Table 2 psavideverview of the soil data in Surkhet.

Table2. Soil data ofSurkhet (sourceNARC, 2023

Soil texture

Silty loam

Soil pH

6.8

8



OM content 3.11%

Total nitrogen in 0.16%
soil
2.4. Household interviews and field observations

A random selection aenfarmers was made for personal interviews in the study area Surkhet. Of the ten farms,
ultimately seven farms were fully nemrigated, and three fars used some irrigation sporadically throughout the

year. For this study, it was assumed as a baseline that all ten farmers used no irrigation, as precise irrigation data
was not available. The household interviews focused on the current farm managefibatfature perspectives

of the farmers regarding farm management changes. The interviews included open questions as well as listed
statements (see Appendd} and took abouivo hours per farmer. The statement questions needed to be answered
according taa 5-point Likert scale (1: completely disagree; 2: disagree; 3: neutral; 4: agree; 5: completely agree).
During the field visit, observations were made for further analysis and alignment with quantitative data.
Municipality officials attended the farm Vs to validate the data from farmers and to elaborate on ongoing
problems farmers were facing.

2.5. Models for analyses

2.5.1. Farm performance indicators

For the analysis of farm performance under the current and alternative scenarios, the sustainable intensification
indicator framework (SIAF) was used to describe measurable performance indicators applicable to farming system
development. Important for sekng proper indicators for the farming systems in the case study area was the
engagement with farmers to ensure objeetiviented selection (Musumba et al., 2017). Selection of indicators
based on secondary data resulted in the following farm perfornvaticators (Table 3). With the selection of the
performance indicators, the tradffs and opportunities resulting from Sl interventions were identified at the farm
level with the use of the modeD.

Table3. Farm performancéndicatorswith their units (in italics) and the desired direction of change (min=minimization;
max=maximization).

AquaCrop FarmDESIGN

- Crop yieldMg/ha (max) - OM balancekg/ha(max)

- Crop residue productiollg/ha (max) - Dietary energy productiokcal/farm/yeanmax)
- Yield gapMg/ha (min) - Required amount of water®/farm/year(min)

- Irrigation demandnm/year(min) - Self-reliance feedb (max)

2.5.2. AquaCropsimulation model

The AC model simulated crop yield response to water availability, which was particularly useful to address
conditions where water was a key limiting factor for crop production (Mejias & Piraux, 2017). With only a
relatively small number of parameters used, thedeh distinguished itself from similar crop models (e.g.,
WOFOST). It simulated yield potential and walienited yield considering water supply, temperature, ambient
CO; concentration, planting date, and precipitation. It showed yield gaps, which caidddto identify potential

entry points for intensification of crop production. A€ model calculated the yield (Y) by multiplying biomass

(B) by the given harvest index (HI): Y = HI x B. This allowed for the portioning of the yield and crop residue
production. The model consgsbf four main components, being climate, crop, management, and soil. With data
from all four components, the model ran to ultimately calculate the yield of the set crop (Raes et al., 2012). The
relationship between the componeistshown in Figure 3.
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Saoil

For this research, five staple crops in the Surkhet district were modél&€itondetermine the effects of irrigation
levels. Inputs for th&C model were climate data, soil data, crop data, and farm management data (see Appendix
B). With this data, the model calculated yield according to soil water levels. To see the effect on crop production
of different levels of irrigation, a water level threshold was set, called the 'allowable root zone depletion,’ below
which the water level could notap. This depletion threshold was set between the boundaries of the readily
available water (RAW) level in the soil. RAW reap the portion of soil water thagnbe easily accessed and
utilized by plants for their growth and physiological processe®pitesergthe water content in the soil thiat

readily available for uptake by plant roots (Steduto et al., 2@@9)he soil water content decreases, water in the
soil becomes more strongly bound to the soil particles and is more difficult to égtriet crop When the soll

water contentepletedelowthethreshold valudor leaf expansiotfseegreen line inFigure 4), soil water cannot

be transported quickly enough towards the crop roots to respond to the transpiration demand anddgénsrop

to experience water stre§allen et al., 1998)This is also called deficit irrigatiomthen the amount of available
water is less than the ETayhere the crop is exposed to a degree of water stress during certain growing stages to
increase wateproductivity of the crop.

Determination of net irrigation water requirement

Mode Netlmigaton Requirement |
Allowable root zone depletion
root zone depletion may not drop below .................| 75 _:i % RAW

Root zone
reservoir

Saturation

FC —— 0% Field Capacity

0 % RAW

threshold leaf
Expansion
groveth

TaW

100 % thresheld
stomatal dosure
100 % RAW

Figure 4. Example of AquaCrop modelling atigation levelof 75%depletion of RAWGreen line represents threshold of
soil water level for leaf expansio(Source:AquaCrop, 2028

1C



Table 4.Irrigation scenarios for analysis operformance indicators

Scenario  Irrigation level

#1 Repository farn(no irrigation)

#2 100% depletion of RAW

#3 75% depletion of RAW

#4 50% depletion of RAW

#5 25% depletion of RAW

#6 Field capacity0% depletion of RAW
#7 Optimalirrigation scenario

The irrigationeffect was determined for levels D80%, 75%, 50%, 25%, and 0% deplet@frRAW, referred to
as scenarios 2 to(@able 4) Scenario 1 is not modelled AC as the yields of the crops were collected through
interviews In Appendix Bthe irrigation levels as modelled AC are displayedYield, crop residue production
yield gap and neirrigation demandveremodel outputsUItimately, the optimal irrigation level for each craas
decided upon the effect of irrigatiam the yield increasevhich is referred to as scenario 7
- Scenario 7: optimal irrigation levels per crop, where productivity is highest in relation to the amount of
water demanded by crop per season.
The optimal irrigation scenario was further analysefl@by eliminating stresses to the crops. These stresses are
soil fertility stress and weed stress, referredso
- Scenario 7.1: considering only weed stress and no fertility stress. Where it ieddbaithe soil had
enough nutrients for the crop to grow optimally throughout the entire growing season. However, weed
stress is still a limiting factor for the crop to grow until full potential.
- Scenarior.2:all stresses are absent, includimgter, sal fertility, and weedstress|t is assumed that the
crop benefits from adequate and timely irrigation, optimal soil fertility conditions, and effective weed
control measures. These favorable conditions allow the crop to grow and develop to its maximum
potential without encountering any limitations or restrictions.

2.5.3. FarmDESIGN whole farm model

The FD model was employed to incorporate data on farming systems and gain valuable insights into the potential
outcomes ofedesigninghe farm system. The necessary inputs for FD were gatherehfosehold interviews,
secondary data, an8iC outputs The colleted data during fieldwork was used to createepository farm'
representinghe baselindarm in the Surkhet districteferred to ascenario 1 (Table,4revious paragraphThe

FD model explored alternative farm configuration basedasmnario 1 (baseline farmgs well ador three new
stress management scenarios derived #@nbeingscenario 7 (the optimal irrigatiorronsidering weed and soil
fertility stress), scenario 7.1dosidering only weed stressind scenario 7.2 (considering no stressesg. yield

and water requirement output A€ for the three scenarios were used as inputEbiThese three new scenario
explorations included the possibility of allocating cropaatie triple cropping rotations: riedapier grassvheat

and ricecowpeawheat.During the analysis iifD, water demand by livestock, household, and manure was kept
at zero, with the assumption that there was enough water available for these aspedétsrof the

The FD optimization was set fdi000 iterations on eaddtenarioto ensure stable outcomé&ecision variables

are the area (ha) of different crops, amount of external Napier grass needed, and the number of livestock units for
buffalos, cows, goatand chickens. Number of oxenfised attwo, as these are used on the fdamploughing

the fieldinstead of kept for produce of meat. The objectives of the performance indicators for exploring farm
configurations were to minimize water demand, maximize OM balance, maximize tkreliseife of feed
production, and maximize nutritional dietary enetgyfeed the familyAn overview of the FD settings for
exploration are displays in Appendix @.the FD model,multi-objective optimization in the exploration process
allows the generation of new farm designs considering each set obj&atoa et al. 2012) Outputs of FD for

the fourscenariosvere croparea number of livestockamountof external gras(kg/year),thewater requirement
(m3/farmyeal), the OM balance(kg/ha) feed selfreliance (%) and dietary energy productidea]lfarm/year)

These outputsvereanalysedo identify the effect of irrigation on farm performance and what opportunities and
tradeoffs arise amongst thabjectives forscenariod, 7, 7.1, and 7.2.
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3. Results

3.1. Farm characterization

Farmers ranged from landi&gsisingAilani (public, unregistered land without papers of ownership by the farmers),
to a farm size of.5katha (1 katha = 338 mZJhe age of farmenangedirom 30 to 60years with an average of

42 years old. Of the ten farmessx were female anfbur were maleMost farmers in Surkheterewomen, as
menhad movedo bigger cities or abroad to work in other sectors than agricultat#e 5and Figure Shows an
overview of the main average characteristics from the visited farms in Surkhet.

Table5. Main averagecharacteristics of the farm type in Surkhet distri@tirbhakot municipalitymid-hills of Nepal Further
used as scenario 1, the baseline farm

Household Cultivated Tropical Labour force  Food self Main crops
members land (ha) livestock (person/day) sufficiency

number (months/year)

(TLY)

Rice, wheat, maize,
6 0.5 4.3 4 7 potato, lentils,
vegetable garden

*=2 w=2 h=2 Ha=0.5

Labour force:

Rice - potato ) 4 persons/day
0.13 ha ¥O F@% Food self-sufficiency:

7 months/year

1pig agoats 2buffalos  55ug 2 oxen

Py “py A, <

Figure 5.Representation of the average baseline farm household. This is a visual representation, not the actual field map of
the farm.

The agricultural practices in Surkhet primarily revolve around the cultivation of staple crops such as wheat, maize,
and rice. Inaddition to these main crops, farmers commonly include potato and lentil in their crop rotation. Some
farmers also allocate a portion of their land for growing vegetables in home gardens. Water supply management
in the area is typically organized on a &gk or water source basis. All farm sites have access to an adequate
supply of drinking water, although the quality of the water source is generally not high. This same water source is
used for irrigation purposes in home gardens and for livestock, wiaee quality is less critical. The availability

of water is divided into hours per day, but it is not strictly regulated. It was observed that farmers with greater
financial resources and higher social standing in the village tend to have greater astats t@sources.
Whenever water is available, farmers tend to fill the field up to field capacity. On dry soils, this causes the problem
of soil erosion, as mentioned by a farmflt.farm sites surveyed in the area keep livestock, including chickens,
gods, and at least one cow or buffalo. Additionally, #thads of the farmers also possedsvo oxen for plowing

their fields. However, during the dry season, farmers face challenges in maintaining their livestock due to a lack
of fodder. To mitigate thigssue, farmers often feed their animals with food intended for household consumption
(e.g., wheat grains and maize grains)
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Selling of produce is not common in the area, as most of the produce is shared among village ini@tdifaants.
small quantity ofsurplus vegetables is occasionally sold in the nearby market. The farmers in thididtnadty
specifically cultivate crops for commercial purpggbsyweresubsistence farmershefarmers produatenough

food for an average of Tonths of the yeaThe other months the families depedadn exchanging goods or
buying from the markeRegarding labor, the majority of farmers expressed that the number of working hours in
a day is not a challenge, and they do not feel the need toerdulel amount of work. There are limited alternative
activities available to them, so they prefer to invest their efforts in farming activities that yield higher crop yields.

322 Farmersbé perspectives on profit and productivity of
Figure6 displays he score of the Likert scale statements about profit and productivity of the farm, ranging from
completely disagree to completely agrbist of the respondents disagreed with the statement that livestock is

the most important factor for income of the fatmowever farmersaidthat only animals are being sold when in

need of moneyThis suggests that livestock serves as a financial resource rather than a primary source of income
for these farmerdOpinions regarding the importance of fertilizers for cropdoiction were divided among the
participants, with half considering them important, while the other half expressed neutrality or disagideneent.

so, half the farmers said to have not enough knowledge on farming practices like manure managememt, mulchin
and water management. The other half acknowledged to have enough knowledge on these farming practices.
Regarding the future of their farms, 60% of the farmers expressed optimism. However, concerns were raised about
the continuity of the farms once thariers grow older, as there is a small chance that their children will continue

the farm. This suggests a potential generational shift and poses risks to tHertorgustainability of these
agricultural operationd large majority (75%) of the respondsmperceived investments in terms of money, time,

or labor as too risky. They preferred to maintain lower crop production rather than taking the risk associated with
increasing productivity. Conversely, 25% of the farmers were willing to take the risk\asd in new crops or
additional livestock to boost productiowhen asked about the measure of success for their farms, the majority
(80%) emphasizedropyield as the most important indicator. However, 20% disagreed, asserting that income is
the primarymeasure of succesBhese findings contradict the fact that the farmers in this study do not possess a
marketorientedposition.Lastly, all respondents acknowledged the importance of increasing production to provide
food for their families. Thisighlights the critical role of agriculture in meeting household fadethandsnd the
significance of sustainable farming practiéesincreased production.

Statements on profit and production of the farm

m Strongly disagree mdisagree mneutral magree mcompletely agree

Animals are the most important part of the farm for inconiEHl ]

Fertilizers are important for crop production. L IEE——

| have a enough knowledge on farming practices. I

| am positive about the future of my farm when it comes.to ===,
productivity.

It is better to make minimal profit than do a risky investmeht: [

The main measure of success is yield per kil

Increasing food production is important for providing food _

my family.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 6. Responses on statemgabout profit and production of the farm based onpoint Likert scale (1=strongly
disagree, 2=disagree, 3=neutral, 4=agree, 5=completely agm@®ngst the 10 respondents of the survey

3.3. Farmers' perspectives on water availability and demand

Responses tthe statements on water availability and water demand on the farmssitudyarea are displayed

in Figure7. The water sources in the community were shared amongst households, and 66% of the respondents
considered the organization and distribution aftev to be welbtructured and evenly distributed among all



households. However, 33% disagreed with this perception, stating that there was a lack of regulation, resulting in
some households having longer access to water than others. This water was liseséioold and the vegetable
garden, not for irrigation purposes. The majority of respondents (66%) did not perceive current water availability
as a challenge for livestock keeping. However, 33% of the respondents agreed with this statement anddhighlighte
the difficulty of allocating sufficient water to livestock during the summer season when water availability
decreased. All respondents completely agreed with the statement that irrigation systems were necessary to increase
production. This indicated a gegnition among the farmers of the importance of irrigation in enhancing
agricultural productivity.

Farmers were divided when responding to the importance of the cropping pattern for water availability, 33%
disagreed, 33% were neutral, and 33% compleiglgead that knowing when to grow which crop is beneficial in
combination with water availability. However, only 22% of the respondents stated knowing the water demand of
crops, whereas 33% were neutral about this, and 44% stated not knowing the spemifatewand of a crop. Of

all respondents, onlgnefarmer said that water availability was not a current challenge to the production of the
farm. This was a farmer who had the possibility of using some irrigation in the past year. All others agreed that
water availability was creating a challenge for farm production.

Statements on water availability and demand

m Strongly disagree = disagree mneutral magree mcompletely agree

Sharing a common water source in the community is well S
organised
Current water availability makes it difficult to keep livestock: |
Irrigation systems are needed to produce more foliE
A cropping pattern is important to design when thinking .of e
water availability.
I have knowledge on the water usage of specific cropSlll D 00 |

Water availability is a challenge to production on my farfili il
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 7. Responses on statemeaboutwater availability and water demarah the farm based on aoint Likert scale
(1=strongly disagree, 2=disagree, 3=neutral, 4=agree, 5=completely agreengst the 10 respondents of the survey

3.4. Farmersbperspectives on changes of farm management

When investigating farmers' perspectives on potential changes to their farm management, it was found that the
majority of farmers expressed openness to such changes, as illustrated in8Figpeeifically, most farmers
indicated a willingness to increaeir livestock numbers, including chickens, goats, and buffalo/cows. However,
some respondents who disagreed with the idea of increasing livestock mentioned that they would consider doing
so if there were sufficient water and feed resources availbiich can be seen in the statement about wanting

to produce more feed on farm, where 86% of the respondents agreed/widuver,mostfarmers showed a
positive attitude toward introducing more trees on their farms, with the purpose of using them fodtetrahd

fruit production. One notable change that many farmers expressed enthusiasm for was the cultivation of new high
value crops. Examples mentioned by the farmers included dragon fruit, mango, and lemon trees. They had heard
about other farmers suasfully implementing these new crops on their farms, and the high market prices
associated with these cropasedthe interest of other farmers as well. This trend of farmers adopting practices
observed imtherfarms highlights the influence of sociahlaing and knowledggharingwithin acommunity.To

validate the farmers' interest in increasing production, they were asked about their willingness to increase
production of their current crops. A substantial 80% of the respondents agreed with thisrgtatetitating their
motivation to enhance the productivity of their existing crdgse other20% was neutral about this statement,

with the reason that they were looking for other crops to include in their current rotation such as a feed crop.
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Statements on farm management changes

m Strongly disagree mdisagree mneutral magree mcompletely agree

| want to produce more on farm feed for my livestock:
| want to include more trees on my farms

| want to introduce new high value crops:

| want to increase my number of chickens:

| want to increase my number of goats:

| want to increase my number of buffalo/cow:
| want to increase the production of my current croSHEEEEEEN
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 8. Responses on statemeaboutchanges of the current farm managentsaded on a foint Likert scale
(1=strongly disagree, 2=disagree, 3=neutral, 4=agree, 5=completely agmengst the 10 respondents of the survey

3.5. AguaCrop modelling simulations

3.5.1. Effectof irrigation levels on yield
As most respondents of the survey stated that water and irrigation is the current problem for increasing production,
a trend in irrigation levels for the crops was modelleA@for thecontextof the Surkletdistrict The AC model
outputs are shown iippendixE. The scenarios have shown that by increasing irrigation levels, the yield and crop
residue increased for almost all crops. Potato showed the optimum vyield at the level of 75% depletion of RAW,
with a net irrigation demand of 24.2 mm per growing season. When further increasing the net irrigation for potato,
only a small increase could be seen. For maize, irrigation at 50% depletion of RAW seemed optimal when looking
at the increase in yield. The yielths 125% higher than the current yield in the area. Maize is a water demanding
crop, with a net irrigation demand of 266.9 mm per growing season to reach the yield of 4.5TWg/level of
maximum increase in production for rice was at the level of 10&8tetion of RAW, where there was no irrigation
needed at all. This could be explained by the growing period of rice during the monsoon season. Wheat and lentil
yields were at an optimumt 100% depletion of RAW, with a net irrigation demand of 20.2 moh Blh6 mm,
respectively. Yield gaps all decreased when increasing irrigation levels.

Figure9 presents the yield responsethe trend irirrigation levels The dbows of the yield response curves were

identified as the points where the increaserop production was at its peaieferred to athe optimal irrigation
levels forcrop yield.

Yield trends per irrigation level

6 35
55 30
P © 25
P
03 20
et E% — 15
a2
— 10
uy 5
>_

0 O 0

100 75 50 25 0
% DEPLETION OF RAW

Maize Wheat Rice Lentil

Potato

Figure 9. Yield response related to irrigation trenBlotato yields are aligned with the rightaxis. All other crop yields
correspond to the left-gxis.



The optimal irrigation levelsire show inTable 6.These optimal irrigation levels correspond to the irrigation
thresholds where the greatest yield emeanent can be achievddowever, even at the optimal irrigation levels a
yield gap is calculated by th&C model. This could mean that besides irrigation, other aspédtse farm
management couldffectthe growth of the crop and initially the yield productidhis is further elaborated on in
the next paragraph.

Table6. Optimal irrigationlevelsand yieldderived from optimum crop productiamcrease.

Scenario Yield Crop residue  Yield gap Irrigation
production (with potential demandby crop
yield)
Mg/ha Mg/ha Mg/ha mm/year
7. Optimal irrigation level per crop
Maize - 50%depletion ofRAW 4.50 4.88 4.89 266.90
Wheat- 100% depletion ofRAW 2.35 4.78 2.25 20.20
Rice- 100% depletion ofRAW 2.80 4.04 2.70 0.00
Potato- 75% depletion ofRAW 28.26 9.42 27.68 24.22
Lentil - 100% depletion ofRAW 0.71 1.32 3.21 10.60

3.5.2. Effect on yield with and without crop stresses
When examining the yield trengsesented ifrigure 8,it is observed that yieldgould reach a plateau at specific
soil water levels of irrigatiorgppointedy the percentage of depletionRAW. However, even at these-salled
"optimal levels of irrigation," there remains a yield gepcalculated by thaC model. This indicates thatith
thesaoil, climate,and farm management conditions in the case study asedegcribed idppendixB), the crops
are experiencing additional stresses that restrict their maximum growth potential.

Table 7 provides potential yields estimated using &@ modelfor scenario 7, 7.1, and 7.2 under btetical
growing conditions.

Table7. Output AquaCropp o pt i mal i r r,iyigldaréspooswith srd eithaut water ertility-, weed stres
Yield ton/ha
Scenario 7 alternatives Maize 50% Wheat 0% Rice 0%depl Potato 25%  Lentil 0%
depl of RAW  depl of RAW  of RAW depl of RAW  depl of RAW

7.0 Considering fertility stress and
weed stress:

Yield 4.50 2.35 2.80 28.26 0.71
Crop residue 4.88 4.78 4.04 9.42 1.32
Yield gap with max potential yield 4.89 2.25 2.70 27.68 2.50
Yield gap in percentage 52% 49% 49% 49% 78%
7.1 Considering only weed stress:

Yield 5.94 4.12 4.75 40.13 1.24
Crop residue 6.44 8.36 6.84 13.38 2.30
Yield gap with max potential yield 3.45 0.48 0.75 15.81 1.97
Yield gap inpercentage 37% 10% 14% 28% 61%

7.2 Considering no stresses
(potential yield):

Yield 9.39 4.6 5.50 55.94 3.21
Crop residue 10.17 9.34 7.91 18.65 5.96
Yield gap with max potential yield 0 0 0 0 0
Yield gap in percentage 0% 0% 0% 0% 0%
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3.6. FarmDESIGN modelling outcomes
3.6.1. Performance indicators with and without crop stresses
Table8 present$-D outcomes ofwo performance indicatof®©M balance and DE yieldbased on the yieldsr
the baseline farm and three scenadesved fromACmodel | i ng. The performance i nd
not displayed as iRD this amount does not differ among the input @&rerio 7, 7.1, and 7.2.

Table8. OutputsFarmDESIGNperformance indicatoraith and without water fertility-, weed stres
FarmDESIGN scenarios

Soil organic DE energyproduction  DE vyield
matter balance  KCal/farm/year Number of people that
Kg/ha can be fed from farm

production per year

Scenario 1 Baseline farm

-192 10.065.699 10.8
Scenario7. Optimal
irrigation level per crop 16 13543.005 14.7
Scenario 7.1Considering
only weed stress 555 19321.672 20.9
Scenario 7.2Considering no
stresses (potential yield) 877 22.932.973 24.8

3.6.2. FarmDESIGN exploration of alternative farm designs
Figure 10 shows theresults of the multbbjective optimization of FD, displayingelatiorships between the
objectivesof the 4different scenariagverall, all scenarios showed a similar relationship amongst the objectives.
The main difference between the scenarios is the relative amount linked to objécsiyeergy was seen between
the number of livestock and the OM balan€Egy(rel10A). Tradeoffs are seen between self reliance and both OM
balance and number of livesto¢kigure 10A and 10B). When increasing thaumber of livestock, thenodel
allocated a higher amount ekternal Napier Grasshich resulted in a loweieed selfreliance rate as well as a
lower OM balanceFigures10D, 10E, 10F, ard 10J showed the scattered relationshipith a less clear tradeff
between the required water amount Awelstock, OM balanceand selfreliance of feedAdditionally, Figure 10E
shows that amongst the different scenarios, the OM balance increases, due to the high8yygiglges were
observed between increasiDg yieldand increasing both thmumber of livestock and OM balanffeigures10G
and10H). Whereas a tradeff is seen between the DE yield and the-sglince of feed (Figurg0l). Figure10J
shows a synergy between the dietary energy (DE) yield. However, the DE yield decreases when the water required
increases.
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Figure 10. FarmDESIGNexplorations of alternative farm configurations. Relationships between performance indicators
(objectves)OM balance = the organic matter balankg/ha Selfreliance= self reliance of feed production for livestock,
water required = crop water demand rfé@@m/year, DE yield = amount of people that can be fed with the production of
dietary energy on farm, livestock = number of livestock on the faath dot indicates an alternative farm configuration.

Optimal new farm configuration regarding thest pefiormance for the four performance indicators set as
objectives in FDare summarised ihables 9, 10, 11, and 2.

For the baseline scenario(Table 9), for minimum water requirements a shift is made to mostlywiceat

rotation, together with ricpotato, and ricdentil. Maize is left out of the cropping rotation, due to its higdter

demand. Aiming for the maximum selliance for feed resulted iallocating a large area for Napier grass.
Overall,the number of chickens and goats decreased for all objectives, whereas buffalos and cows showed minimal
differencesindicating limited possibilities for increasing livestock in this scenario.

Table9. Starting configuration and best performing explored configuration for each objective for scenario 1.

Scenario 1 Starting farm  Max DE Min water Max Self- Max OM

Baseline farm configuration  yield required reliance balance
feed

Objectives

Total watemrequired (nd/year) No data 1428 97 1430 1367

OM balance (kg/ha) 740 1121 1004 396 1198

Self reliance feed (%) 12% 21% 14% 47% 20%

DE yield (pers/year) 10.8 19.1 15.2 9.0 16.4

Decision variables

Rice-Maize area (ha) 0.16 0 0 0 0

RiceWheat aregha) 0.15 0.01 0.44 0.02 0

Rice-Potato area (ha) 0.13 0 0.02 0 0

Rice-Lentil area (ha) 0.06 0 0.03 0 0
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Rice-NapierWheat area (ha) 0 0.49 0.0 0.49 0.48

Rice-CowpeaWheat area (ha) O 0 0.0 0 0
External grasses (kg/year) 8500 9968 9366 2982 9979
Buffalos (number) 1 2 1 0 2
Cows (number) 1 3 2 0 2
Chicken (number) 17 0 5 7 5
Goats (number) 5 1 3 4 3

Table D shows the farm reconfigurations for scenarid-@r obtaining the highest DE yield, much crop area
should beallocated to the ricpotato rotation andice-Napierwheatrotation. Potatdhadthe highest yield per
hectare compared to other crops, and Napier grasl beused for feed leaving most of théher crop yields for
human consumption. For the objective of minimum water demand, cropvassdlocated mostly to the lentil
rotation. Division of livestock for this farm configuration stays almost similar as the starting configuration. For
reaching digh percentage of seféliance for feed, the only three crop rotations aremegze, riceNapierwheat,

and ricecowpeawheat. However, the cows and buffalos are set at zero in this configuration, benefitting the high
selfreliance rate. Increasing Ob&lance is possible by allocating all crop area to bothitato and ricéNapier

wheat rotationas well as increasing the number of cows and buffalos.

Table D. Starting configuration and best performing explored configuration for each objectigedoario?.

Scenario 7 Starting farm  Max DE Min water Max Self- Max OM
Optimal irrigation level farm configuration yield required reliance balance
feed
Objectives
Total water required (fyear) 471 784 82 1506 739
OM balance (kg/ha) 1062 1354 988 466 1463
Self reliance feed (%) 17% 16% 13% 46.5 14%
DE yield (pers/year) 14.5 22.8 15.2 8 21
Decision variables
Rice-Maize area (ha) 0.16 0.007 0 0.15 0
RiceWheat area (ha) 0.15 0.01 0.14 0 0
Rice-Potato area (ha) 0.13 0.24 0.10 0 0.24
Rice-Lentil area (ha) 0.06 0.01 0.25 0 0
Rice-NapierWheat area (ha) 0 0.20 0 0.21 0.24
Rice-CowpeaWheat area (ha) 0 0 0 0.14 0
External grasses (kg/year) 8500 9984 9077 3157 9987
Buffalos (number) 1 2 1 0 2
Cows (number) 1 3 1 0 2
Chicken(number) 17 4 14 6 10
Goats (number) 5 1 5 5 2

New farm configurations for scenario 7.1 are shown in TalileFbr both objectives of minimum water
requirement and maximum se#liance of feed, the number of cows and buffalos is decreased to zero. Aiming at
minimum water requirement, the crop area is allocated teafieEat and ricdentil. For maximum seifeliance of
feedobjective the crop areas are including both Napier grass and cowpea rotations. For maximum OM balance,
the number of cows and buffalos are doubled compared to the starting configuration, showing that manure adds to
the OM balance and soil fdity.



Table 11. Starting configuration and best performing explored configuration for each objective for scédario

Scenario 7.1 Starting farm  Max DE Min water Max Self Max OM
Optimal irrigation without soil  configuration yield required reliance balance
fertility stress feed

Objectives

Total water required (fyear) 471 758 76 1128 678
OM balance (kg/ha) 1405 1899 697 900 2002
Self reliance feed (%) 27% 22% 41% 61% 20%
DE vyield (pers/year) 20.8 32.1 14.3 16 30
Decisionvariables

Rice-Maize area (ha) 0.16 0 0 0.01 0
RiceWheat area (ha) 0.15 0.03 0.20 0.15 0.02
Rice-Potato area (ha) 0.13 0.25 0 0 0.24
Rice-Lentil area (ha) 0.06 0 0.28 0.01 0
Rice-NapierWheat area (ha) 0 0.23 0 0.19 0.20
Rice-CowpeaWheat area (ha) O 0 0 0.15 0
External grasses (kg/year) 7500 9964 3726 2545 9958
Buffalos (number) 1 2 0 0 2

Cows (number) 1 3 0 0 2
Chicken (number) 17 10 18 17 16
Goats (number) 5 0 4 3 0

For scenario 7.2 (Table2), it is shown that the highest number of DE yield can be reached amongst all scenarios.
However, this is only possible when allocating crop area tepidato and ricavheat rotations. Also, a change in
number of livestock is seen, where buffalos de@¢agzero and cows increase to 5 indicating the amount of milk
consumed by cows is higher than the amount of buffalo milk consumed. For minimum water requirement
objective, the crop areas are allocated to-wibeat, ricepotato, and ricdéentil. Which indcated that these crops

are the least water demanding crops. Still the DE vyield for this configuration is higher than the starting
configuration. Scenario 7.2 attains the highestisihnce when allocating most of the crop area to the rice
cowpeawheatrotation. The configuration for highest OM balaraes increased number for all livestock, except
buffalos and allocates the crop area to-rideat and ricgootato rotations.

Table P. Starting configuration and best performing explored configuratioreéxh objective for scenarit.2

Scenario 7.2 Starting farm  Max DE Min water Max Self- Max OM
Optimal irrigation level without configuration yield required reliance balance
any stresses feed

Objectives

Total water required (fyear) 471 213 98 1553 312
OM balance (kg/ha) 1629 2199 1757 1104 2337
Self reliance feed (%) 36% 22% 29% 62% 20%
DE vyield (pers/year) 24.6 38.1 28.8 12 33.6
Decision variables

Rice-Maize area (ha) 0.16 0 0 0.15 0.02
RiceWheat area (ha) 0.15 0.22 0.17 0 0.15
Rice-Potato area (ha) 0.13 0.25 0.20 0 0.25
Rice-Lentil area (ha) 0.06 0.02 0.11 0.01 0
Rice-NapierWheat area (ha) 0 0.04 0 0 0.04
Rice-CowpeaWheat area (ha) O 0 0 0.34 0.02
External grasses (kg/year) 6500 9986 6792 2831 9993
Buffalos (humber) 1 0 1 0 0

Cows (number) 1 5 1 0 3
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Chicken (number) 17 16 17 15 16
Goats (number) 5 0 2 8 8

Overall, the farm configurations show that for produciferge quantity oflietary energy on the farm, it is needed

to increase the number lafrge animals (cows and buffalos), and to allocate most crop area to high yielding crops
such as potato and wheat. For minimizing water requirements, explorations show a decrease in crop areas for
maize, which is a higlwater demanding cropdaximizing sef-reliance of feed allocates area to the new crops
Napier grass and cowpea, however a trade off for this is the lower OM balance and DE yield for the configurations
with the highest feed seitliance. For reaching the highest OM balance, the number of eog buffalos
increased for all scenario&dding Napier grasso the rotation of rice and wheat increage®M balance, which

is favourable for increased soil fertilithA broader overview of positive and negative correlations between
objectives and désion variables modelled in FD are shown in Appendix G.

3.7.Possible Sl interventions for smallholder farmers in Surkhet
Based on both th&C modelling outcomes, tHeD explorations and the farm interviewsgsible Sl interventions
focussing omeduction of crop stressdacreasedM balanceincreased fodder productiondaoptimal water use
are mentioned below

- Deficit irrigation
Based on the modelling in AC, the outcome is that most crops do not ngatiarriuntil field capacityThe AC
model aims to optimize the water productivity of crops, which means it strives to achieve the highest crop yield
using the least amount of water. This approach recognizes that during certain growing phases of ithmgjant,
be beneficial to have a water deficit, which means providing the crop with less water than it would ideally need
Subjecting the crop to mild water stress during specific growth stages can lead to better water use efficiency and
ultimately higher weer productivity(Geerts etal.,, 2010) Thi s i s al so ckdure#ishowsdef i ci t
an example deficit irrigation on maize production in Surkhet for the optimal irrigation level (at 50% depletion of
the RAW) modelled in AC

ETc and rain/irrigation balance Maize

Day 1to Day 11 Day 21 Day 31 Day 41 Day51 Day 61 Day 71 Day 81 Day 91
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Figure 11. ETc and rain/irrigation balance for maize production in Surkhet under irrigation scenario 7.

- Triple cropping system
Based on the exploration in FD, for the scenarios 1, 7, 7.1, and 7.2 there is the possibility of including a triple
cropping system withithe set constraints of the current farm syst€hmange from double crop rotation to triple
crop rotation byntroduction ofa drought resistant fodder crop (NapierGrassand wpeg to increase fodder
production and limithe duration of land being falloror the exploration in FD only the triple cropping rotation
for rice-Napier grass/Cowpeaheat was implemented. However, multiple variations are possible (Figure 1
depending on the preferences of the farmer.
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Current Fallow | Maize Rice Fallow
cropping Wheat | Fallow Rice Fallow
system Potato Fallow Rice Potato
Lentil Fallow Rice Lentil
Jan ‘ Feb | Mar | Apr ‘ May ‘ Jun ‘ Jul ‘ Aug ‘ Sep ‘ Oct ‘ Nov ‘ Dec
Triple Napier Maize Rice Fallow
cropping Wheat | Napier/Cowpea Rice Fallow
system Potato Napier/Cowpea Rice Potato
Lentil Napier/Cowpea Rice Lentil

Figure 12. Current and triple cropping systems in Surkhet, adaptetiadjustedrom Shrestha et al., (2013)

Besides the mentioned SI interventions O6triple croprg
recommendations based on literature review: manure management and improved mulching practices. See
AppendixH for a more detailed explanation aif four Sl interventions.

Readdressingvhat was mentioned by Shrestha (2016), there is no silver bullet for solving the agricultural
underperformanceThese Sl interventions are practical examples matching the modelling outcomes of this
researchWhen Sl interventions areised incombination watercould be used more optimahile intensifying
production sustainablyMulching conserves soil moisture, reducing the frequency and amount of irrigation
required.Triple crop rotation enhances soil health andilfy while increasing fodder production and limiting
fallow land. By effectively managing manure, farmers can utilize it as a valuable fertilibés integratedS|
interventiors optimizes nutrient management, reduces water evaporation, enhancealtiojland promoteseed
control. As a result, it helps conserve water resources, minimizes environmental impacts, and supgerta long
agricultural productivity
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4. Discussion

4.1.Key findings
This study has identified potential Sl interventions suitabl¢h@idroughiprone region of Surkhet, located in the
western part of NepaMostprior research primarily concentrated on irrigatiordl water management techniques
in the lowlandsfor example a study by Shrestha (2013) focussintherTerai regions of Nepah contrasthis
researchdirected its focus towards the il areas.This study unveils the role of irrigation in enhancing
agricultural productivity. It demonstrates that achieving optimal crop yiedddtailored irrigaton levels for each
cropforopt i mally wusi ng t h8eyondaorigatidn, the btudy undovers additional cgnstoaints h
on crop development. These constraarecropstressessuch as weeghanifestatiorand soil fertility limitations.
The AC model showed that for optimal levels of irrigation (scenario 7) yield gaps fdivéherops were
approximately between 80% and 50BY. reducingsoil fertility stress tazerg yield gaps decesed to between
60% and 10%. This shows the importantagmpropriate manure use as fertilizer as well as incorporating nitrogen
fixating crops like cowpea in the rotation. When also eliminating weed stress to crops, the potential yield can be
reach according to AC. For maize, wheat, rice, and potato thistjbtgeld is double the yield for solely applying
optimal irrigation to reduce just water stress. For lentil, the potential yield that can hypothetically be reached is
almost five times as much as for scenario 7.

The first research questiovas addressdaly i dent i fying farmers6é6 perceptions
challenges, possible changes to farm management and future farm perspectisess of the future of their

farms, farmers expressed optimisHowever, concerns were raised regarding the continuity of the farms as the
farmers grow older, with the possibility that their children may not continue the farm. This indicates a potential
generational shift that could pose risks to the {trgn sustanability of these agricultural operatiaridost ofthe
respondents perceived investments in terms of money, time, or labor as too risky. They preferred maintaining
lower crop production rather than taking the associated risksewfsification This aligns with previous research
highlighting the importarce of the focus on site specific challenges and opportunities for successful
implementations of Sl interventiofg/eltin et al., 2018)Precticesfor intensificationthatarenot only sustainable

for the environment but also socially and financiathalf of the farmerslaimedto have insufficient knowledge

in farming practices such as manure management, mulching, and water managaisbighlights the need for
targeted educatioand extension servicés address knowledge gaps and promote sustairainienfy technique

which is inline with existing literature d€hanal & Bahadar Adhikari (2020)

Farmers showed to be willing to intensify their farm productivity, howdweymentioned that the main obstacle

for this is the shortage of water duritige dry seasarmThe majority of the farmers stated that they do not have the
knowledge on crop water demamehich could affect their decisiemakingon water usend water management
practices.Existing literature supports these findings, emphasizinginiortance of increasing agricultural
knowledge amongst farmers. Knowledge directly affects the decision making on farm management, crop choices,
and water usekhanal & Bahadur Adhikari, 2020)Furthermore, modiarmersshoweda willingness to change

therr current farming systemsn particular the increase of the number of livestock (including chickens, goats,
buffalos, and cows)}owever, it is worth noting that some respondents who initially disagreed with the idea of
increasing livestock expressed tthiaey would reconsider if sufficient water and feed resources were available.
This highlights the importance of adequatterventions for increasing the needed resouregarding livestock
expansionHowever, a reasoning for the fact that all farmersitineed water shortage to be the main limiting
factor for increased production could well be because all farmers knew the researchers were part of the
International Water Managemednsstitute (IWMI).

Regarding the second research questimnyield levels have decreased when increasing the irrigation level.
Interestingly, only two of therops(maize and potato) showed a clear increase in yigtld increasing water

supply. Three other crops (rice, wheat, and lentil) barely showedesmppns to irrigation For maize and rice the
explanation of this could well be that the growing season of these crops are (partly) during the monsoon season,
where there is plenty of rainfall. However, the lentil growing season is modell&@ iduring postmorsoon

season, planted right after the rice harvest. Stated in earlier research, lentil makes use of residual soil moisture of
the monsoon periofSehgal et al., 2021), which could explain the low water demand of the crop. Seghal et al.,



(2021) also descrilsethat lentil root system is suitable for drought prone areas, where taproots reach a deeper soil
level to meet the water demand throughout the entire growing cycle.

Understanding the relationship between irrigation levels and crop yield responseabforudgveloping efficient
irrigation strategies and optimizing agricultural productidowever the practical reality of having an optimal
irrigation scenario where different crops have each their own irrigation levels might be realistically dficult t
achieve in an area like Surkhet. Technology is not integrated in the current farming management, let alone that
there is room for tools that can determine specific soil water levels per cropping field. Next to this, often different
crops are grown in theame field closely to each other creating another challenge to irrigate all crops separately.
What the optimal irrigation level does show, is the distinction between more water demanding crops and lesser
water demanding cropblext to this,water demandegr growing stage is identified, which can help the farmer to
know the ideal timing for irrigation. Outcomes show that none of the crops need irrigation till field capacity of the
soil, which highlights the opportunity for storing the remaining irrigatanrdin) water in basins or tanks, which

could then be used for other purposes or for irrigation later in the year. Existing literature emphasises the
importance of water storage for use during thegrgison, as good water management praciogden eal.,

2014)

Regarding the third research question fiilemodel was usetb explore possible farm management changes for
four scenarios (1, 7, 7.1, 7.2) based on baseline and starting farm configurations. The model can rapidly explore
all possible farm cdigurations between the set boundaries. The findings of the explorations showed the use of
the model for identifying tradeffs and synergies between objectives. These {offideand synergies help
identifying fitting Sl interventiongor SurkhetThe idenified Sl interventions of changing from a double cropping
system to driple cropping system will benefih enhancing OM balance aidincreasingself-reliance of feed. A

triple cropping system overall results in an increased watglirement. The Sl interventions deficit irrigation and
mulching will benefit the objective of minimizing the water requirement on the faomincreasing the benefits

of manure produced by livestock, proper manure management and application is thEIfoutgrvention. Trade

offs betweersetobjectives when implementing Sl interventions are inevitatleh as increased water use when
implementing high water demanding feed crops Napier grass and maize to increaskarsel on feed. This

must be cosidered before making farm changekis researchisplaysclear examplesf tradeoffs and synergies,

which can be used as reference for further recommendations to farm level.

Looking at the alignment of results from farm interviews and farm mode#iimgematching results can be found
Farmers are willing to implement new fodder crops, and FD shows opportunities for including these crops existing
crop rotations. All farmers mentioned the shortage in water, where AC modelled irrigation levels thatthexjuir
minimum amount of water for the relative highest amount of crop produttmmever, goint that did not align

clearly is the increase in livestock. Farmers are positive for increasing the number of livestock when assured the
availability of feed icreases, however FD modelling showed possibilities of increased number of livestock with
atradeoff of a lower selrelianceof feed as the amount of external grass increasgassibility to solve this, is

to adjust the maximum amount of external gtass is set in FD to create a higher gelfance of feed.

4.2.Limitations and future research
Important to note is that this research only included ten farmers for gathering data for creating the baseline farm,
on which all other scenarios have been derivédte results of this research are not necessarily representative of
the entire region of Surkhet. Soil samples have been taken on three farms at different fields, however elevation
varies among the farmers resulting in no single soil type in the areair@roertain crops on different soil types
would affect the crop productivity, which is not considered in this research.

When looking at the model limitatiorhe use of a combination of models andFD) brought somehallenges

to the processing of datAC analyses data on crop level, usligited inputs butcreatednany outputs such as
water productivity and crop responses to stress thimudhe entire growing cyclddowever,FD is a model on

farm leve| showing singlesnagshotsof a farm design. This resulted that limited outputé&Gf(crop level)could

be used as input f&tD (farm level) When AC outputs such as water productivity, crop growing periods, and the
effect of water availability could have been used as inpuED, this would result in more explicit outcomes on
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water usage on a farm and could benefit finding strategies for optimal waténosiger limitation is thgractical
functionality of using thé-D model on smallholder farms, with a cropping area beldva. When looking at the
explorations in this research, it can be noted that small changes in cropping areas are allocated. The feasibility of
these changes being proposed to farmers is unligatyilarly, is thdow feasibility of the adjustment of tditional

aspects of the farming systems in Nepké cowbuffalo rearing.Certain &plorations in the model have pointed

out to decrease the number of casvsbuffalosto zero, while in South Asia rearirigese animals of cultural
importance for farmes (Sarma et al., 2022possibly for future exploration, the number of cows could be set at a
minimum of 1to address the cultural aspects of the farm characterizBimerthelessexploring alternative farm
configurations and presenting these in teisearch had the purpose to raise awareness and to demonstrate relative
changes to farm management through Sl interventions for the specific area of Sdokveter, looking back at

the problem statement of this research where the focus is mostly onlagenaf irrigation, the findings of this

study indicate that besides irrigation there are other options to increase production. Existing lhigratigeen

et al. (2014 describes the complex social political situation of makigpurceslike irrigation, available to all
farmers, which assumes that providing Sl interventions based on use of irrigation will practically encounter
difficulties. It therefore is important not to eliminate the social political situation of a region in future research
about sistainable intensification.

Next to thisthe field visit was executed as being organised by the IWMI, this could have caused a response bias
amongst farmers responding to questions with answers that focussed mostly on the context of water shortage
irrigation problems. Recommended for further research is to execute the field visits as an independent researcher.
This would also give more room focus on other aspects of the topic such as the social and economic aspects
connected to agricultural productivity, which are described by Ghimire et al. (2021) as important @spects
decision making of farmer#n this research this aspect was outdigesicope, resulting in an incomplete overview

of the actual situation in farming communitiésirther research could include market access and farm income
generation to identify the effect of increased production, not only orssii€iency, but also orincreased
economic welfare of farmers in SurkhEbr this it is needed to acquire more specific data on sales prices, labour
hours, labour costs, and sales amoudtrall, future research would benefit from using larger sample sizes, focus

on gender dierences, and execute manedepthinterviews with multiplestakeholderén the agriculture sector

instead of only farmers. This will improve the accuracy and reliability of farm modelling and recommendations.



5. Conclusion

This study focussed on identifying opportunities for sustainable intensification by optimal use of irrigation water
in the Surkhet district in Nepabnsidering subsistence farmers perspective on challenges and changes regarding
their farm managemenFarmrer s menti oned water availability, knowl e
management and, providing their family with enough food as current chall&rgeershowed positive attitudes

to the introduction of new (fodder) crops and to increase the nuofblvestock. With use of irrigation,
communi t i esfficiedicyaardbe beadfitted when growing a larger range of crops throughout the year,
decreasing the fallow land duration, and simultaneously increasing the production of the crops. -Taeriong
solution is the implementation of proper water manag
optimal productive levelHowever, this study revealed that irrigation alone is not sufficient for achieving
sustainable farm productiomext to irrigation, other farm management interventiohslp to increaserop
production such as increasing soil fertility and increasing weed suppression as seen in the AquaCrop modelling
outcomesThe models AquaCrop and FarmDESIGN have shown to be hetyfisl tor identifying cropwater
demand in the context of Surkhet under different farm management scenarios, amalysing newfarm
configurations (including sustainable intensification interventions) of the current farming sykiemver,it is
recomnended for future research to acquinereaccuratanput datafor the modelsby means of long duration

field measurements for soil water levels and crop water derttatehill result in more precise outputsanalyse
Additionally further research could focus more on the practical adoption of sustainable intensification practices
mentioned in this researcin conclusion, adopting sustainable intensification interventions sudhefast
irrigation specified to each op, triple cropping systemsicluding fodder cropsand improved manureand
mulching managemertn enhance soil fertility, increase soil watetding capacity, and boost crop production.
These measures, in combination, will ultimately lead to high¢éaienergy production aridcreasegearround
selfsufficiency.
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Appendix A. Researchcontext, objectives,and questions

Researchcontext

Nepal is a landlocked country situated in South Asia. It is positioned between the geographic coordinates of
approximately 26.347°N to 30.447°N latitude and 80.058°E to 88.201°E longitude. Nepal is bordered by two
neighboring countries: India to the south, east, west, and a small portion of the north, and China's Tibet
Autonomous Region to the nortfihe countns geographical features encompass a diverse range of landscapes
due to its elevation variation. To the south lies the Terai region, which comprises fertile plains extending from the
foothills of the Himalayas to the southern border with India. Moving matt, the miehills region features

rolling hills and valleys, including the Kathmandu Valley, where the capital city is located. Lastly, the
northernmost part of Nepal consists of the towering Himalayan Mountain range, including peaks like Mount
Everest.Surkhetis a district locatedvithin the midhills region of Nepal, characterized by its undulating terrain,
valleys, and moderate elevations. It is situated between the lowland Terai plains to the south and the Himalayan
mountains to the north. The dist's landscape is part of the larger #hid area that features diverse agricultural
practices, settlements, and ecosyste®uskhetlies within the Karnali Province of Nepal, situated in the western

part of the countryFigure A.1) The specific geograjdal coordinates of Surkhet are approximately between
28.593°N and 29.150°N latitude and 81.464°E and 82.069°E longitude.
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Specific objectives
There are multiple specific objectives to this research:
1. To review the current challenges that NepaleseHiiidarmers face in relation to water availability and
irrigation practices.
o Perform field surveys to characterize diversity of farm households (e.g., current cropping
patterns androp yield).
o Explorefarmers perspectives @ustainable intensification (SI) interventiofts the current
farming systems.

2. To examine croperformance for a variety a@frigation levelsby using the AquaCromodel
o ldentifying crop responses to different levetsrrigation for performance indicators (yield, crop
residue production and yield gap).
o lIdentifying the optimal level of irrigationfor the highest croperformancein relation to
irrigation leves.

3. To examine farm adjustments (e.g., cropping patfenosnber of livestock with the help of the
FarmDESIGN model to optimiZzerm management arid sustainably intensify the production.
a. Explorepossiblegfarmadjustments teropping pattern or number of livestock frbesides
irrigation to benefit farm performance according to the indicators specified in Section 2.2.
b. Identify potentialopportunities andradeoffs of the farm adjustmentor Sl.

Research questions

Based on the objectives mentioned above, the research question of this study is:

What arepossibleirrigation strategies for optimal use of water for agriculture in the 4mits of Nepal, to
sustainably intensifproduction levels?

To answer the main research question, the following sub questions need to be answered:
1. What is the perspective of farmers in the case study area on Sl interventions and changes in farm
management?
2. What is the optimal irrigation levébr obtaining the highest crop performance for all five crops separately
considering the context of SurkRet
3. What farm adjustmentand Sl interventionsould beimplemented to sustainably intensify production
besidesrrigation?
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Appendix B. AquaCrop inputs

Soil data
TableB.1.Soil datainput AquaCrop(source:NARC, 2023Soil sampling at Tribhuvan University, Kathmajdu
Soil texture Silty loam
Soil pH 6.8
OM content 3.11%
Total nitrogen in 0.16%
soil

Figure B.1. AquaCrop overview of soil characteristics (source: Soil analysis of sampling at study site;
municipality official inGurbhakot municipalitySurkhet)

Climate data
Surkhet is further than 200 kilometdrem the nearest reliable weather statitereforethe weatherelated
dataused for AquaCropvere taken entirely from NASAMERRA-2 satelliteera reanalysis

TableB.2.Climate data2019input AquaCrop fource: Nabin, 2019)

MONTH PRECTOT RH2M T2M_MAX T2M_MIN  WS10M

1 36.3 55.09 16.9 6.24 1.93
2 135 58.8 18.4 7.02 2.18
3 18 48.9 23.38 9.56 2.4

4 40.5 41.68 29.64 15.95 2.4

5 24.6 29.76 33.94 18.91 2.78
6 155.7 46.35 34.06 22.18 2.42
7 375.6 82.4 28.16 22.08 2.19
8 174.3 85.92 27.39 21.4 1.9

9 2442 87.76 25.8 19.89 1.83
10 9 78.97 23.42 15.82 1.62
11 10.8 61.04 21.71 12.53 1.72
12 56.4 57.24 16.22 5.94 1.85

Codes PRECTOT Precipitation (mm month-1)
RH2M Relative Humidity at 2 Meter%
T2M_MAX Maximum Temperature atMeters (C)
T2M_MIN  Minimum Temperature at 2 Meters (C)
WS10M Wind Speed at 10 Meters (m/s)
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