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DEFINITION OF TERMS

Heat stress A situation when an animal's heat uptake from the environment and
metabolism exceeds its heat loss through radiation, convection,

evaporation, and conduction.

Exposure The presence of livestock in places that could be adversely affected by

a heat stress.

Adaptation Adjustments by smallholder dairy farmers in response to actual or

expected heat stress and their effects or impacts on livestock.

Resilience The capacity of smallholder dairy farmers to cope with a heat stress for

dairy cattle in ways that maintain its production at farm level.

Dairy value chain Entire chain of actions involved in the production of milk from the

farm to the consumer.
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ABSTRACT

Heat stress is a major stressor of dairy livestock production nearly everywhere in the globe,
and it is only going to get worse as the world gets warmer. The aim of the study was to map
areas where dairy cattle are susceptible to experiencing heat stress under current and future
projected climatic conditions in Uganda. The specific objectives included (i) Investigate the
trend of heat stress for dairy cattle during the current and future periods, (ii)) Map areas and
dairy cattle are at risk of exposure to heat stress under current and future climate conditions,
and (iii) Determine adaptation strategies and options for the impact of heat stress across the
dairy value chain. The study follows a transdisciplinary approach by leveraging geoinformation
techniques. Using ERA-Interim reanalysis dataset for the historical period (1981-2010) and for
two periods in the future (2021-2050 and 2071-2100) climate predictions of ten global
circulation models (GCMs) under Representative Concentration Pathways (RCPs) 4.5 and 8.5
emission scenarios. This study demonstrates a significant rise in the historical prevalence of
severe heat stress in dairy cattle (p<0.05) over time in 38 percent of the country. Much of the
significant rise is concentrated in the country's northern and central regions. Under future
climate conditions, simulations under both RCP scenarios predicted that the country would
gradually deteriorate to increasingly severe conditions. On average, milk decline due to heat
stress is anticipated to be 2.3 and 15.6 kg milk/year/dairy cow for 2021-2050 and 2071-2100
respectively based on RCP 8.5. Even though dairy farmers are already adapting to heat stress,
future heat stress management techniques will necessitate informed climate smart technologies
aiming at embedding resilience in current dairy production systems. The findings of this study
are concerning, mainly because they show that the effects of heat stress have a substantial effect
on Uganda's dairy production systems. The results can be utilized to assist stakeholders in the
livestock industry in creating policies that are supported by data and planning, as well as to
direct resource allocation in the industry toward the development of adaptable and flexible

production systems that can survive future heat stress.

11



CHAPTER 1: INTRODUCTION

1.1: Introduction

The livestock sector benefits over a billion people throughout the world and will continue to
be vital in the next decades (FAO, 2009). The sector is key to smallholders as a source of
income. Animal-derived foods are important nutrient sources, accounting for 18 percent and
40 percent of total energy and protein consumption, respectively, on a worldwide scale (ILRI,
2019). Moreover by 2050, global livestock product’s demand is expected to twofold (Rojas-
Downing et al., 2017). Despite stagnant productivity, the sector is quickly emerging in
developing countries due to rising demand for animal-sourced products (Thornton, 2010).
Studies have however shown that in some countries especially Europe and the USA, the decline

in productivity for exotic cattle is linked to heat stress (Fodor et al., 2018; Gunn et al., 2019).

In its Fifth Assessment Report (ARS), the United Nations Intergovernmental Panel on Climate
Change (IPCC) stated unequivocally that the Earth's climate is warming. The global average
surface temperature increased by about 0.6 degrees Celsius throughout the twentieth century
(IPCC, 2014). Temperatures in Uganda are expected to rise soon by 1.8°C and 2.1°C by 2050s
based on Representative Concentration Pathways (RCP) 4.5 and 8.5 respectively and in the
range of 2.2°C and 4.0°C by 2080s based on RCPs 4.5 and 8.5 respectively (Egeru et al., 2019).
Climate change is one of the many stressors on livestock production systems (Rojas-Downing
et al., 2017), more so in the tropics and subtropics where the majority of the world’s ruminants
are found (Herrero et al., 2012). Heat stress is caused by temperature and humidity variations
that are above the comfort zone usually above 22° C, 25° C, and 28° C at 100%, 50% and 20%
for maximum temperature and relative humidity respectively. It can damage cattle, affecting

their output and performance, as well as increasing mortality rates (Kadzere et al., 2002).

Heat stress conditions in livestock occur when an animal cannot dissipate enough heat to
maintain a thermal equilibrium in the body, causing physiological disorders that adversely
affect the animals' productive output. According to previous studies, the combination of
temperature shifts and increasing frequency of heatwaves cause heat stress affecting livestock
production by decreasing feed intake which in turn causes reduced milk production (Hahn et

al., 1997; Wayman et al., 1962).
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Different dairy cattle breeds, on the other hand, have varying degrees of heat stress resistance
(Carabano et al., 2019). The rising heat tolerance standard measures include physiological
functions such as regulating body temperature and breathing rate. The shift of the dairy
production system to a market-oriented model with exotic varieties may lead to a relative heat
stress trade-off under present and future climate change. If climate change continues to
progress as expected, the negative impacts of heat stress on dairy cattle productivity will
worsen. The purpose of this research is to map areas where dairy cattle are susceptible to
experiencing heat stress in Uganda now and in the future, as well as to investigate the

implications for adaptation planning across the dairy value chain.

1.2: Problem Statement

Uganda's dairy industry is one of Africa's fastest growing. By 2018, the country had more than
two billion liters of milk produced (UBOS, 2019). The industry is quickly changing as a result
of rising demand for animal products, though production has stagnated (Thornton, 2010). This
is due to the climate that is changing affecting livestock production by reducing water
resources, decreasing the quantity and quality of forages and feed, increasing prevalence to
livestock diseases and heat stress which in turn has impact on milk production (Rojas-Downing
et al., 2017). Trade-offs regarding heat stress under current and future climate change may
result from the conversion of dairy production systems to market-oriented models with exotic
breeds. Additionally, one of the climate shocks to which Ugandan farmers must adjust is the
threat that heat stress poses to dairy animals (Thornton et al., 2019). Despite the importance of
thermal heat stress on dairy cattle, little is reported on the current period evaluation and future
changes in heat stress conditions in Uganda. The adverse impacts of heat stress on dairy
production would worsen if climate change continued as expected. This study aimed at
mapping areas where dairy cattle are susceptible to experiencing heat stress over the current
period (1981-2010) and project the future (2021-2050) using ten (10) GCMs in Uganda, under
RCP 4.5 and 8.5. It also explored the options to respond and/ or adapt to the changing heat

stress risk.

1.3: Research Questions

The following questions were addressed by this research project:

1. What is the trend of heat stress for dairy cattle during the current and future periods?

13



HI: Heat stress has been increasing historically and will increase in the future.

ii.  In which areas are dairy cattle most vulnerable to heat stress under current and future

climate conditions?
HI: Dairy cattle in the cattle corridor is likely to be exposed to heat stress.

iii.  Which adaptation strategies and options are available to combat the impact of heat

stress across the dairy value chain?
H1: Smallholder farmers are already adapting to heat stress at farm level.
1.4: Objectives

The aim of the study was to map areas where dairy cattle are susceptible to experiencing heat
stress under current and future projected climatic conditions in Uganda. Specific objectives

included: -

1. Investigate the trend of heat stress for dairy cattle during the current and future periods.

ii.  Map areas where dairy cattle are at risk of exposure to heat stress under current and
future climate conditions.

iii.  Determine adaptation strategies and options for the impact of heat stress across the dairy

value chain.

1.5: Justification and Significance of the Research

In Uganda, the livestock sector is driven mainly by the dairy industry. The sector has
maintained an average growth of about 8% per annum since 1990 (Tijjani & Yetisemiyen,
2015). The transformation is mainly happening by farmers adopting improved breeds that
guarantee high milk production (Kabunga et al., 2017). Under present and future climate
change, however, this might result in compromises regarding heat stress. If climate change
persists as expected, the negative effects of heat stress on Uganda's dairy cattle production will

intensify.

The major impediments in sound policy development in the dairy sector in Uganda are lack of
data to aid in decision making (Staal & Kaguongo, 2003). Decisions on sustainable livestock
production systems require robust methodologies that can accurately identify and track changes

both climate and human-driven in the dairy sector. Although there are initiatives in place led
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by Uganda’s Dairy Development Authority (DDA) to address problems in the sector

production is far below the country’s potential.

Despite the importance of thermal heat stress on dairy cattle, little is reported on the current
period evaluation and future changes in heat stress conditions in Uganda. This research aimed
at mapping areas where dairy cattle are susceptible to experiencing heat stress under current
and future projected climatic conditions in Uganda. This data is crucial for Uganda as it

prepares for the effects of climate change to guide agricultural extension and policy.

1.7: Scope of Research

This research study focused on dairy production systems in Uganda through mapping risk of
exposure to heat stress for dairy cattle under current and projected future climatic conditions.
Although farm management factors such as livestock housing influence the actual heat stress
an animal experience, the danger of heat stress in dairy cows was the subject of this study and
should not be considered as an assessment of actual heat stress at the farm level. The research
examined the effect of heat stress on the dairy value chain through a consultative stakeholder
heat stress assessment process with the aim of identifying present and future heat stress

adaptation strategies.

1.8: Overview of the Methodology

The study used a transdisciplinary approach to evaluate heat stress trends for dairy cattle and
monitor dairy cattle currently under heat stress, and those at risk in the future based on projected
future climate conditions, using geoinformation systems (GIS) spatial modeling procedures
and statistical analysis using R software version 3.5.3 "Great Truth" (R Core Team, 2019). A
stakeholder consultation on heat stress assessment was conducted in the month of March 2020
in Uganda to allow participants to explore the modelled maps and identify ongoing and
potential heat stress adaptation options. The outcome from the workshop were summarized

using descriptive statistics.
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CHAPTER 2: LITERATURE REVIEW

2.1: Global dairy production systems

Livestock play a significant role in the world economy by providing food in the form of milk
and meat, traction and transportation for animals, manure for agricultural use, monetary gain
from the selling of livestock-related goods, and acts as a capital investment for sale and use
during misfortunes and harsh times. Global milk production was estimated at 843 million
tonnes as of 2018, this was an increase of 2.2 percent from 2017. Higher dairy herd numbers
in India and Pakistan, more effective production processes in Turkey, and improved output per
cow in both in the United States and the European Union, among other factors in other
geographies, are all contributing to the growth of the dairy industry (FAO, 2018). Furthermore,
global demand for dairy products has increased significantly in recent decades, owing to a
combination of rising population and greater economic development in developing countries.
Climate change has, however, exacerbated both global and local implications on dairy
production in recent years (Gauly & Ammer, 2020). In the developed world, the housing of
high-yielding breeds that are prone to heat stress has been modified to improve the animals'

ability to cope with heat stress conditions (Hempel et al., 2019).

2.2: Regional dairy production systems

East African dairy production systems are generally categorised into three types, intensive,
semi-intensive and extensive systems. Production systems are varied in terms of feeding, size
of operation (grazing systems are the most prevalent), pastoralist and agro-pastoralist systems,
and farmer breeds. In Sub-Saharan Africa, cattle grazing on natural pastures provide 75 percent
of the milk. Farmers are embracing high-yielding dairy breeds that were created for temperate
climates. In the tropics, extreme temperatures, heat stress, and a lack of proper feeds have a
significant impact on these breeds (Hernandez-Castellano et al., 2019). However, there is
ongoing research to adapt these breeds to the new environments for example through
crossbreeding to increase tolerance (Kim & Rothschild, 2014). This has also been identified as
one of the adaptation strategies for dairy production systems in Kenya (Watende, 2016). To
maintain optimal dairy production, traits to look for in while cross breeding include increased
milk production, maintaining reproduction, and increased health in the tropics (Cooke et al.,

2020). However, these advancements have a bleak future since the extent of future climate
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change and heat stress is predicted to render livestock production in extensive systems less

viable (Clark et al., 2020).

2.3: Dairy production systems in Uganda

Cattle is Uganda's main source of milk, though goats, camels and buffaloes also contribute to
milk production (Balikowa, 2011). Small-scale farmers are the majority owners of the cattle
population (Tijjani & Yetisemiyen, 2015). The country's most popular indigenous cattle are the
Ankole and East African Shorthorn Zebu, they account for 93 percent of the population
(MAAIF/UBOS, 2010). Friesian Holsteins and their crosses, as well as local breeds like
the Nganda, Nkedi, and Kyoga, are among the breeds kept (Mugisha et al., 2014). Dairy regions
in Uganda are defined by agro-ecological zones. These regions show significant differences in
milk production. Mbarara area located in the southwest part of the country produces a
significant amount of the total milk production (Ekou, 2014), a recent report estimates
production to 100,000 litres per day (Wangalwa et al., 2016). The North and Eastern regions

lag other regions in term of production.

There are various categorizations of dairy production systems in Uganda. Initially, a study by
Seré & Steinfeld (1996) categorised livestock production systems into grasslands, rainfed
mixed farming, irrigated mixed farming and communal systems. The production systems were
further classified into intensive, semi-intensive, and extensive dairy systems by MAAIF/ILRI
(1996) by considering farm management and capital investment. Kasirye (2003) thereafter
differentiated four systems based on feeding strategies i.e., free ranging, paddocking,
communal grazing, and zero-grazing systems. Notenbaert et al. (2009) adapted the map by Seré
& Steinfeld (1996) and produced the most recent classification which includes four categories
i.e. extensive, intensive, agro-pastoral/ pastoral and other systems. In Uganda, foreign breeds
of cows are commonly kept in intensive systems and/or zero-grazing herds, with most of them
being Holstein Friesian breed (Grimaud et al., 2004). As of 2017, annual national milk output
stood at 1.6 billion litres (Uganda Bureau of Statistics, 2018). According to the Uganda Dairy
Development Authority, 80% of Ugandan milk is sold, with the remaining 20% consumed by

farmers.
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2.4: Climate change and livestock

Climate change is defined as the long-term alteration in the climate's current state that may be
recognized by variations in the mean and/or variability of its attributes (IPCC, 2018). This is
due to interactions between the atmosphere and various geologic, chemical, biological, and
geographic elements within the Earth system as well as periodic variations in Earth's climate
brought on by changes in the atmosphere. It can lead to prolonged warm/hot seasons
characterized by intense radiation energy extended for a longer period and increased relative
humidity (Fabris et al., 2019), this greatly affects the livestock sector. The livestock industry
is responsible for 14.5 percent of worldwide greenhouse gas (GHG) emissions, mostly nitrous
oxide, and methane (Gerber et al., 2013). Both are generated through the disposal of manure
while enteric fermentation is the main source of methane. The bulk of these emissions are from
ruminant livestock kept by pastoralists. Livestock in these systems feed on poor quality feed
which is associated with higher greenhouse gas emissions. As of 2016, greenhouse gas
emissions from the Uganda livestock corridor were 2009 Gg CO2-eq per year, with grazing

systems producing 88.5 percent of the total GHG emissions (Kiggundu et al., 2019).

According to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC), Uganda's climate has evolved during the last 50 years, with seasonal mean
temperatures rising. By the 2060s, average temperatures are anticipated to rise by 1 to 3 degrees
Celsius, and by 1.4 to 4.9 degrees Celsius towards the end of the twenty first century
(McSweeney et al., 2007), the same trend in increases in the range of 2 to 4 degrees Celsius
are expected in Europe (Cardoso et al., 2019). Climate change has a significant influence on
cattle and the ecosystem commodities and services that they rely on. Directly, it induces heat
stress in the animals, which leads to changes in their behavioural and metabolic habits, such as
reduced feed intake (Kadzere et al., 2002), increased energy requirement, decreased conception
rate (Seif et al., 1979). Indirectly, it causes increased water demand by animals and decreased
water supply (Thornton et al., 2009), changes in pathogen growth, vector dispersion, and
disease transmission rates have resulted in increased pest and disease pressure, biodiversity
losses, both in terms of habitat loss, plants and animals, and a smaller gene pool for future
adaptation, are frequently associated with diminished disease resistance, changes in feed
resource amount, quality, and composition, as well as overall system productivity and
livelihood patterns. And they are all interacting (and frequently worsening) one another.

Climate change, on the other hand, has been shown in some studies to have positive effects on
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animal feed, such as lower transpiration, which enhances plant water use efficiency (Rotter &
van de Geijn, 1999). In 2015, Uganda's Cabinet approved the National Climate Change Policy
(NCCP), which lays out Uganda's long-term climate change mitigation and adaptation policies

throughout all sectors of the economy (Ministry of Water and Environment, 2015).

2.5: Risk of exposure to heat stress for dairy cattle

Heat stress occurs when the environmental temperatures elevate and the animals lack the ability
to conduct thermoregulation or even maintain their normal body temperatures (Hahn, 1997).
The combination of heat and humidity causes heat stress, which adversely affects animal
performance. Heat stress makes cooling through metabolism a difficult process. This is because
the atmosphere is already near saturation and hence sweating is compromised due to extreme
heat. The cow’s body temperature, therefore, escalates on a temporal basis, affecting its intake
and general performance abilities. Due to a reduced gut defence mechanism, heat stress can

also result in a higher risk of secondary bacterial infections (Pearce et al., 2013).

Heat stress has numerous profound effects on dairy cattle, some of which involve lactation and
reproductive performance (Lemerle & Goddard, 1986). Heat stress prolongs the gestation
period of dairy cows compared to cooler conditions (Tao & Xin, 2003), this is because of heat
stress-induced changes in feed consumption patterns. When dairy cows are subjected to
moderate heat stress for more than four days, their dry matter intake and milk yield drop by 48
percent and 53 percent, respectively (Garner et al., 2017). However, animals suffering heat
stress obtain various mechanisms of coping with the situation, e.g., some dissipate heat through
increasing respiration rate, metabolic reactions (sweating), escalated pulse and increased rectal
temperature; with all of these indicating the animal’s tolerance level in variable climatic
conditions. Different livestock and breeds have different heat tolerance degrees as reported by
previous research findings (Muller & Botha, 1993), however exotic breeds are more vulnerable

to heat stress than native breeds (Mutua et al., 2020; Taye et al., 2017).

Heat stress events for diverse livestock species in the Caribbean were assessed by Lallo et al.
(2018), who found that ruminants will be subjected to higher heat stress in the future than in
the past, posing a threat to their productivity. For the case of dairy breeds, Das et al. (2016)
observed that because dairy animals produce more metabolic heat than beef cattle, they are
more susceptible to heat stress. According to Nesamvuni et al. (2012), dairy cattle in most parts

of South Africa are expected to endure severe stress in the future due to rising forecasted
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temperatures. The mammary glands of dairy cows are stimulated by heat stress, which affects
milk output (Fabris et al., 2019), and it brings forth many uncalculated losses related to heat
stress-induced occurrences. Heat stress is a major constraint to livestock production in the
tropical and subtropical belt, including Uganda (Thornton et al., 2019). It wields a huge blow
to the dairy farming economic situation, by negatively affecting milk production. Heat stress
tolerance limit for Friesian Holsten cattle in Europe has been provided as 60 to 78, although
for most exotic dairy cattle milk losses start at 60 to 72 (Bohmanova et al., 2007). However,
management practices at farm level matter (Thornton et al., 2021). Heat stress tolerance limits

and how dairy cattle responds have been provided in Table 3.2.

2.6: Implications for adaptation

Climate change vulnerability in Uganda is high due to the high dependence on livestock for
income, food, nutrition. Further, the livestock systems are highly reliant on rainfed forages
which in addition to continuous poverty, the ability to adjust is limited (Kirui et al., 2015).
Farmers’ perception of changing climate is consistent with historical climatic trends (Mubiru
et al., 2018). Recent studies have called for policy implementation at household level through
provision of agricultural extension services on climate adaptation practices (Twecan et al.,
2022). Some of these adaptation measure might include keeping heat stress tolerant dairy
breeds, use of appropriate sheds which are easy to clean and well aerated and use of milk
tankers that are insulated to transport milk during the day amongst others as listed in Chapter
4, section 4.4.3. Policymakers can take use of existing and novel ways for dealing with and
adapting to heat stress. All stakeholders must rally behind the adoption of coping and adapting
measures if the government and commercial players are to achieve the ambitious goals of

sustainably empowering smallholder farmers and boosting their revenues.

2.7: Mapping heat stress risk

Heat stress indicators depend on the temperature, relative humidity and/or wind speed
associated with an animal's discomfort during exposure (Bishop-Williams et al., 2016).
Previous studies have mapped heat stress on other livestock breeds using weather information
obtained from remote sensing data Uganda (Mutua et al., 2020). Heat stress-causing
environmental factors are studied using the temperature-humidity index (THI), a measurement
that combines the effects of ambient temperature and relative humidity. Thom, (1959)

introduced it to quantify the severity of heat stress in people. Currently, there exists several
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THI equations as shown in Table 2.1 that have been adapted to describe thermal conditions that
drive heat stress in livestock in different regions (Berman et al., 2016; Bianca, 1962;
Bohmanova et al., 2007; Cargill & Stewart, 1966; Kelly CF, 1971; Lallo et al., 2018; National
Research Council, 1971; Thom, 1959; Yousef, 1985).

Table 2:1: List of Thermal Humidity Index equations

THI equations L“;;i)t:d( Reference

THI1 = (1.8 x Tdb + 32) — [(0.55 — 0.0055 x RH) . National Research
x (1.8 x Tdb — 26.8)] All Livestock it (1971)

B ) National Research
THI2 = (Tdb + Twb) x 0.72 + 40.6 All Livestock Council (1971)

B ) National Research
THI3 = Tdb + (0.36 x Tdb) +41.2 All Livestock Council (1971)
THI4 = (Tdb x 0.15) + (Twb % 0.85) ‘;yttrf;“re Bianca (1962)

Jersey, and

THIS = (Tdb x 0.35) + (Twb x 0.65) Holstein- Barrada (1957)

Friesian cattle
THI6 = 3.43 + (1.058 x Tdb) — (0.293 x RH) + Holstein-

(0.0164 x Tdb x RH) +35.7 Friesian cattle Berman et al. (2016)

More recently, the equations have been adapted for assessing heat stress on various livestock
species for example as shown in studies conducted on chicken (Tao & Xin, 2003), and swine
(Zumbach et al., 2008). In Uganda, the current common exotic breed promoted by the dairy
farmers is the black and white Holstein-Friesian. Ndor Fodor et al. (2018) investigated the
association between the temperature-humidity index and Holstein-Friesian cattle milk output
using an 11-member climate projection ensemble and observed robust relationships between

THI and milk production.
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CHAPTER 3: METHODOLOGY
3.1: Location

Uganda is situated in East Africa, along the equator. It covers approximately 241,551 square
kilometres, 16 percent of which are open water and swamps (Figure 3.1). Uganda is bordered
on the east by Kenya, Tanzania on the south, Rwanda, and the Democratic Republic of Congo
on the west, and South Sudan on the north. The lowest elevation is 614 meters at Albert Nile
at the border with South Sudan while the highest is 5,111 meters at Margherita Peak on Mount

Stanley. Agriculture is the country's principal source of income.
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Figure 3.1: Map of the study area. Data sourced as follows: Boundaries from
https://gadm.org, waterbodies from https://www.hydrosheds.org, and major towns from

https://www.naturalearthdata.com
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3.2: Biophysical Setting

3.2.1: Climate

Uganda is generally characterized by the warm tropical climate, and the temperatures normally
range of 29°C. The minimum and maximum temperature range from 18°C to 31°C and 15°C to
23°C respectively. However, like any other tropical region, temperature varies from one
location to another. The high-altitude regions, e.g., Mount Elgon is cooler and highly humid
compared to the lower regions. Despite the relatively moderate to slightly high temperatures in
the lower regions during the daytime, the temperatures normally fall to accommodative 16°C
to 18°C during the evenings, and even cooler during the night. The warmest time of the year
is from December to February, while the hottest period is from March to May, with June and
July portions. As one of the countries experiencing the oscillatory effects of the Inter-Tropical
Convergence Zone, Uganda receives winds from the Atlantic Ocean to the west and the Indian
Ocean to the east and dry north-east / south-east monsoon. The country's northern regions
receive unimodal rainfall, whereas the central, western, and eastern regions experience bimodal
rainfall (Nandozi et al., 2012). The annual rainfall varies between 500 and 2500 mm. The long
rainy season lasts from March to May, whereas the short rainy season lasts from September to

November (Nsubuga et al., 2014).

3.2.2: Vegetation

The country has a wide spectrum of biodiverse vegetation. However, the vegetation is unevenly
distributed with southern Uganda being densely vegetated, while the central and northern
regions mainly comprising wooded savannah (Mwanjalolo et al., 2018). There is an adverse
variety of vegetation types in the southern region. The most abundant vegetation in the central
and northern regions are Elephant grass and the Candelabra trees. The Candelabra trees are
unpalatable due to their toxicity (Botha & Penrith, 2008). The tree causes dermal irritations on
skin contact, tracheal discomfort if ingested, and blindness if in contact with the eyes. The
Elephant grass is a perennial native grass species that are characterized by low nutrient and
water requirements. It is an indicator of the climatic conditions at which they occur. There is
also tropical forest, acacia woodlands, riparian forests, bushy thickets, montane forests,
marshes, and other wetland vegetation. The diverse vegetation is classified according to the

three major regions: Lake Basin, highland, and the northern region (Figure 1).
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3.2.3: Land Uses and Resources

There are various land uses that cut across different economic requirements. The most common
is agriculture. The agricultural system mainly supports maize, millet, cassavas, sweet potatoes,
plantains, groundnuts, and beans as the subsistence crops. The most popular cash crops include
coffee, tea, cotton, and tobacco. Agriculture is Uganda's largest employer, employing nearly
70% of the country's workforce and contributing 23.5 percent to the country's GDP (Uganda
Bureau of Statistics, 2018). Other than crop production, they also practice livestock production
widely, both dairy farming, meat, and fish production. There are various resources that
facilitate these land-use practices; from forests, natural water bodies (e.g., Lake Victoria and

River Nile), man-made water pans, wetlands, etc. all of which are rich in ecological functions.

3.2.4: Physiography and Drainage

The country has various physiography ranging from mountains, rivers, lakes, and wetlands.
They all play key roles in the ecological service provision towards the people of Uganda. Lake
Victoria in the southeast and Lake Albert in the west are two large lakes whose importance
cannot be overstated. The Albert Nile (west to north flow) and Victoria Nile (southeast to north
flow) are among the main rivers that are connected to other tributaries that supply water across
the country. The mountains Elgon (east), Stanley and Ruwenzori are amongst the major
mountains in Uganda, each with an explicable contribution. They also act as the major
watersheds which facilitate the drainage of ground or surface water from regions of high
elevation to regions of low elevation. It ensures that water occurring from precipitation as is
expected in the future (Olaka et al., 2019), is reserved for present and future use in livestock

production.

3.2.5: Water Resources

The country has various water reservoirs and channels, especially the southern and western
regions. Watersheds in the different regions channel rainwater from high altitude regions to
low altitude regions where it is stored. Figure 3.2 shows river network and inland water bodies

in the country.
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Figure 3.2: River network and inland waterbodies in Uganda. Data sourced as follows: Rivers
and waterbodies from https://www.hydrosheds.org, and elevation from National Aeronautics

and Space Administration (NASA) Shuttle Radar Topography Mission (SRTM) Version 3.0

During the process, the water interacts with anthropogenic activities, which either negatively
or positively affect the quality that is received downstream. In regions where the human
population is clustered, the quality of both ground and surface water is highly adulterated. The
urban regions are characterized by highly pollution rates; both organic and inorganic pollutants,
point and nonpoint sources. In the rural regions where agriculture is the major economic
activity, a high number of organic inputs and some aspect of inorganic inputs find their way
into either ground or surface water. In groundwater, acidity and toxicity levels are raised
(Bakyayita et al., 2019), and this may cause harm to animals that encounter the borehole water.
In surface water, eutrophication and sedimentation resulting from anthropogenic activities

negatively affect water quality.
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3.2.6: Biophysical Vulnerabilities

Uganda is in the tropics and closer to the Indian and Pacific oceans, and to a lesser degree
the Atlantic Ocean. These water bodies experiences changes in sea surface temperatures which
have a significant impact on the amount and timing of yearly rainfall in the country. Temporal
changes have seen different land-use practices influence the resilience of the Ugandan
ecosystems (Mwanjalolo et al., 2018). In the past years, the ecosystems were self-sustained
with high resilience levels. Climate change has made different agroecosystems in this regions
to suffer (Jiang et al., 2014). Moreover, different farming practices (Kiggundu et al., 2019),
and global greenhouse gas emissions have slowly made various ecosystems highly susceptible
to failure due to climate change. Furthermore, many small-scale farmers like any other in the
region reside in marginal climate zones, and their livelihoods are reliant on climate-sensitive
resources. This is no different compared to Kenya for example where pastoralists communities
depend on climate sensitive natural resources for their provisions and production needs (Kaoga
et al., 2021). The costs of restoration are unfavourable for the people whose majority still

dwindle in extreme poverty.

3.3: Socio-economic Setting

3.3.1: Social Setting

The country's human population was estimated to be 42 million in 2018 and is increasing at a
3.7 percent annual rate. The population density is 213 persons per square kilometre (World
Bank, 2018). By 2050, the population is projected to be the second largest in East Africa, at
100 million. Demographically, the female population overwhelms the male population at 50.71
percent and 49.29 percent, respectively. At present, 70 per cent of the workforce is working in

agriculture.

3.3.2: Animal Health Setting

The country being a subtropical region, there is a variety of health hazards and diseases
experienced in this region. There are number of animal diseases that have for a long period
constrained livestock production in the country (Eisler et al., 2007). The most prevalent
diseases include east coast fever (Muhanguzi et al., 2014), lumpy skin (Ochwo et al., 2018)

and clinical mastitis (Byaruhanga et al., 2017), which has been reported to reduce milk
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production by up to 60 percent (Anri, 2012). These diseases have been reported across the
country. There are no estimates of the economic losses of any of the outbreaks that have
occurred in Uganda. The Ugandan government liberalized the supply of veterinary services,
which has resulted in a plethora of actors involved, making control and oversight of service

provision challenging (Ilukor et al., 2015).
3.3.3: Livestock Production Systems

In 2019, the cattle sector provided around 3.5 percent of the total national GDP (UBOS, 2019),
and about 58 percent of the population relies on it for their livelihood (FAO, 2019). In 2018,
Uganda had approximately 14.6 million cattle (UBOS, 2019), with most of the population
concentrated in the northern and central regions (Figure 3.3). The country produced 2.04 billion
litres of milk as compared to 1.614 billion litres that were produced in 2017 (UBOS, 2019).
This is attributed to improved market access and extension services mostly provided through

cooperatives (Arinaitwe & Baluka, 2019).
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Figure 3.3: Cattle distribution in Uganda. Cattle density data sourced from the Livestock
Geo-Wiki (http://www.livestock.geo-wiki.org)

The humid and sub-humid zones, where rainfed crop-livestock systems predominate, are home
to the majority of the country's greatest livestock production region (Figure 3.4). Mixed rainfed
systems can be found in temperate and tropical highland zones throughout the country's
southern and western regions. The northern regions are mostly composed of rangeland-based

livestock-only systems.
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Figure 3.4: Livestock production systems in Uganda. Data sourced from Robinson et al.

(2014)
3.3.4: Regulatory Framework

Local governments play a critical part in Uganda's agricultural sector's success. These
institutions, on the other hand, have flaws in terms of collective decision-making and scrutiny
of various regulatory frameworks, particularly rules managing agricultural industries (Ministry
of Agriculture Animal Industry and Fisheries, 2011). Many failed structures and slow
technological adoption are due to primarily weak regulatory frameworks (Ampaire et al.,
2017a). Over the last two decades, there has been a series of policy changes in the dairy sector
that have resulted in increased production (ILRI, 2007). The policy changes were anchored in
the Plan for Modernisation of Agriculture (PMA) which set to provide training, advocacy, and

marketing to dairy farmers across the country.
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3.3.5: Sensitivity to Climate Change

Despite being the least likely to contribute to increased GHG emissions in the past, socio-
economically disadvantaged communities that include most of the smallholder farmers are
often the worst affected by climate change in Uganda (Atube et al., 2021). The socio-economic
activities of these communities are extremely sensitive and vulnerable to climate change
(Magrath, 2008). This is because most of the population is reliant on natural resources for their
livelihood. While many smallholder farmers are affected by climatic occurrences on a regular
basis, their limited access to and control over resources makes them less equipped to cope with
shocks and stressors. In addition, they overly depend on natural resources for their livelihood,
thus whenever there is some strain in ecological functions, the human population is affected.
Due to a lack of local coping capacity, minor hazards such as reduced, or lack of rainfall can

turn into humanitarian emergencies (Quandt, 2021).

3.4: Conceptual Framework

The framework (Figure 3.5) for assessing the risk of heat stress in dairy cattle in Uganda under
current and future climate circumstances depicts the interplay between the environment and
the dairy production system. When utilized in a holistic manner to assess the risk of heat stress
in dairy cattle, a transdisciplinary approach is taken whereby the interaction between the
climate system and dairy production system is investigated through biophysical mapping and
a stakeholder engagement is conducted to develop adaptation options. Below is a description

of the five components: -

i.  Climate system: Climate-related stresses include reduced precipitation, increased

temperature, and increased relative humidity.

ii.  Livestock production system: non-climatic trends, on the other hand, include
technological advancement and a growing livestock population.

iii.  Stakeholder engagement: All stakeholders were brought together to discuss and
understand the impacts of heat stress to develop adaption options.

iv.  Heat stress mapping: Stakeholder engagement was backed by scientific evidence from
heat stress mapping.

v.  Adaptation option planning: The above components guided the process of formulating

adaption options in the livestock sector that can be communicated efficiently.
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Figure 3.5: Conceptual framework

D Heat stress mapping

3.5: Methods

3.5.1: Methodology for Objective 1

Objective: Investigate the trend of heat stress for dairy cattle during the current and future

periods.

Weather data, including relative humidity and maximum temperature, was gathered on a daily
basis from the National Oceanic and Atmospheric Administration (NOAA)- National Climatic
Data Center (NNDC) (http://www7.ncdc.noaa.gov/CDO/dataproduct) and TuTiempo.net

repository (http://en.tutiempo.net/) for use in accuracy testing of the ERA-Interim reanalysis

dataset and multi-model ensemble GCMs in simulating Thermal Humidity Index (THI). The
twelve synoptic stations utilized in this study have a consistent spatial distribution and can be

used to represent various climate zones in Uganda.

The ERA-Interim reanalysis gridded dataset that included daily temperature and relative
humidity daily data and used for simulating current period (1981-2010) was provided by the
European Centre for Medium-Range Weather Forecasts (Dee et al., 2011), while the

Coordinated Regional climate Downscaling Experiment, hereafter referred to as CORDEX

31



gridded dataset that included daily temperature and relative humidity data are used for

simulating future periods (2021-2050 and 2071-2100), at a spatial resolution of 50 km is

supplied by the Swedish Meteorological and Hydrologic Institute (SMHI). The data is

downscaled using the Rossby Centre regional climate model-RCA4 model and the Climate

Model Intercomparison Project (CMIP5) as boundary conditions, as well as the GCMs

specified in Table 3.1. All the data used in this study is freely available in online repositories.

Table 3:1: List of the global circulation models (GCMs) that were employed in the research

GCM

Modelling group, country

Reference

CCCma-CanESM?2

CNRM-CM5

CSIRO-Mk3-6-0

EC-EARTH v2-2

IPSL-CMS5A-MR
MIROC-MIROCS

HadGEM2-ES

MPI-ESM-LR

NCC-NorESM1-M
GFDL-ESM2M

Canadian Centre for Climate Modelling
and Analysis, Canada

National Centre for Meteorological
Research, France

Commonwealth Scientific and
Industrial Research Organisation,
Australia

European Centre for Medium-Range
Weather Forecasts, United Kingdom
Institute Pierre Simon Laplace, France
Japan Agency for Marine-Earth
Science and Technology, Atmosphere
and Ocean Research Institute (The
University of Tokyo), Japan

Met Office Hadley Centre, United
Kingdom

Max - Planck - Institute for
Meteorology, Germany

Norwegian Climate Centre, Norway
Geophysical Fluid Dynamics
Laboratory, USA

Chylek et al. (2011)

Voldoire et al. (2013)

Collier et al. (2011)

Hazeleger et al. (2011)

Dufresne et al. (2013)
Watanabe et al. (2010)

Jones et al. (2011)

Giorgetta et al. (2013)

Bentsen et al. (2013)
Dunne et al. (2013)

Three criteria were used to select the models; (1) maximum temperature and relative humidity

data were available on a daily basis, (ii) over Uganda, models have a spatial resolution of less
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than 50 kilometres, and (iii) in terms of regional representation of essential features of observed
climate, models perform well when compared to other GCMs (Kisembe et al., 2019). The
simulations for the future are based on RCP 4.5, an optimistic scenario that provides a
framework for assessing climatic implications in the future with stable radiative forcing, and
RCP 8.5, a pessimistic scenario that considers a future with more carbon emissions (IPCC,

2014b).

Data Analysis

The daily time series datasets for observed, ERA-Interim reanalysis, and multi-model ensemble
GCMs (Table 2) were aggregated into monthly time series by calculating the average of daily
means per month using R software version 3.5.3 "Great Truth (R Core Team, 2019). Because
no THI equation has been devised for the various dairy cattle breeds and climates which
is found in Uganda, THI was computed based on the widely utilized equation for different
animals in tropical and sub-tropical regions, equation 1 (National Research Council, 1971).
This equation was used for the historical period. The result was a spider chart showing
agreement between the results of THI calculations for the three datasets for different months

over Uganda.

THI = (1.8 x Tdb + 32) — [(0.55 — 0.0055 x RH) x (1.8 x Tdb — 26.8)] Equation 1
Where:
Tdb = dry-bulb temperature in degrees Celsius.
RH = relative humidity in percent.

In this study, following Lallo et al. (2018) and Vitali et al. (2009), the daily maximum
temperature is used instead of dry-bulb temperature. The above equation has previously shown
reasonably good performance for the Holstein-Friesian breed and in different regions.
Following the calculation of the THI value for each day, the likelihood of each THI category
as defined by Collier et al. (2012), for current and future climate conditions was calculated. -
THI categories and thresholds for categorizing daily THI levels and their reaction in dairy cattle

are presented in Table 3.2.

33



Table 3:2: THI categories and thresholds for categorizing daily THI levels and their reaction

in dairy cattle

Threshold Category

Animal Response

THI< 72 Normal

The performance of both the productive and
reproductive systems is at its peak.

11.
ii.

72>THI<79 Mild

Animal hides under shade.
Rectal temperature increases.
Breathing rate increases and blood vessels dilate.

ii.
ii.
1v.

79 >THI <89 Moderate

The body's temperature rises, and reproductive
effectiveness suffers.

Breathing rate significantly increases.

Feed intake decreases.

Significant increase in water consumption.

11.
ii.

Severe and

THI > 89 Danger

1v.

Increase in breathing rate and saliva production.
Decrease in reproductive performance.

Decrease in rumination and urination. Reproductive
performances are severely affected.

Heat stress is quite severe, and animals may die as a
result.

A daily average of maximum temperature and relative humidity for all GCMs was calculated

for the current period and per RCP and period for the future period using overlay analysis. The

technique allows the combination of characteristics of several datasets into one. The method

was implemented using the raster package (Hijmans, 2017) in R software version 3.5.3 "Great

Truth" (R Core Team, 2019). The result was one raster layer per variable, day, and period.

Following that, the daily THI value of each grid cell was determined using the methods

provided by the National Research Council (1971).

Ultimately, the probability of each THI category for current and future climate conditions is

estimated based on equation 2, and the results were averaged per period (averages over a 30 -

year period).

P(Di) = n/N+1
Where:

Equation 2

n: No. of THI category events in a year.

N: number of days in a year.
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For both periods i.e., current and future, trends in severe heat stress were detected by applying
a Mann-Kendall test (Mann, 1945). First, utilizing the above-mentioned frequency of extreme
heat stress, the slope was calculated to get the direction and magnitude of trends. Next, the p-
value was extracted to see which trends are significant and finally, pixels with values less than
0.05 were masked out from the trend map, to only report the significant change in THI at a 95

percent confidence level.

3.5.2: Methodology for Objective 2

Objective: Map areas where dairy cattle are at risk of exposure to heat stress under current and

future climate conditions.

To further understand the dairy production methods and livestock numbers in the study area, a
full desktop study was done. Cattle density geospatial data was sourced from the Gridded
Livestock of the World (GLW 3) database (Gilbert et al., 2018; Robinson et al., 2014). This is
the latest harmonized data for the subnational distribution of livestock as of 2010. The dataset
was created using machine-learning techniques at a spatial resolution of one kilometre and it
is also available for other livestock species and has been updated to suit official Food and
Agriculture Organization Corporate Statistical Database (FAOSTAT) sub-national

estimations. The information was obtained from the Livestock Geo-Wiki website

(https://www.livestock.geo-wiki.org). To further differentiate dairy cattle from the larger
database of cattle, statistics from the MAAIF/UBOS (2010), that shows the proportions of
exotic-dairy cattle by districts in Uganda were applied on the cattle dataset to produce a dairy
cattle density geospatial layer. To estimate the impact on milk production, a global dataset
provided by the FAO Global Perspective Studies Unit was used. The dataset includes milk
production estimates for the years 2000 to 2030, as well as absolute and proportional changes
at a spatial resolution of 0.05 degrees (Robinson & Pozzi, 2011). This analysis was conducted

in the intensive production regions as mapped by (Robinson et al., 2014).

Data Analysis

Using R software version 3.5.3 "Great Truth", the long-term mean THI for the historical period
was calculated using the results obtained in Section 3.3 showing the daily THI per pixel. As
indicated in Table 3.2, each pixel was then categorized using the criteria used to categorize

THI values based on their reaction in dairy cow. Next, the categorised THI layer was overlaid
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with the dairy cattle population spatial data for estimation and quantification of dairy cattle
population at risk. The result was the population of dairy cattle under the various classes of
THI. Heat stress has an impact on milk supply at different periods of lactation, and earlier
research has suggested that milk production remains constant until it exceeds a particular
threshold, for example, above the mild heat stress threshold, under pastoral management, milk
output in Zebu cattle drops by 0.099 kg milk per day each THI unit, and production diminishes
as heat stress increases. In this study, the daily milk loss values for each grid cell were
determined using a milk loss function proposed by Bohmanova et al. (2007), and as indicated

in equation 3.
ML = max(THI; — THI,,,0) X 0.099 Equation 3

Where:
ML: Milk loss per kilogramme per year per dairy cow.
THIq: Daily thermal humidity index.

THIw: Above a certain temperature, milk output drops by 0.099 kg
milk per day each THI unit.

The result was milk production at risk of change under future climate circumstances, due to

the frequency, ferocity, and length of moderate and severe heat stress conditions.
3.5.3: Methodology for Objective 3

Objective: Determine adaptation strategies and options for the impact of heat stress across

the dairy value chain.
Desktop Study

A desk review of current policy papers was carried out, with a particular focus on those targeted
at prioritizing the execution of climate change action plans and strategies in the livestock sector.

The purpose was to find policy gaps in heat stress in dairy production systems.

Field Work

A stakeholder workshop was held in March 2020 to explore relevant context-specific
adaptation methods for risk of exposure to heat stress in dairy cattle in Uganda. Participants

included agriculture and livestock officials, local non-governmental organizations (NGOs) and
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farmer associations, these stakeholder groups play a key role in working with vulnerable
communities as they plan for climate change and/or respond to impacts of climate change. The
main objectives were to (i) present results from objectives 1 and 2, and using focus group
discussions, (ii) identify key activities affected by heat stress and their consequences in the
dairy value chain, (iii) identify underlying factors to the consequences, and (iv) identify current

and potential adaptation strategies and options.

This study adopted a climate change adaptation planning methodology by Mwongera et al.
(2017), to assess how heat stress affects daily activities along the dairy value chain stages. The
stages included supply of farm inputs, production at the farm, postharvest handling, and
marketing products from the farm. Workshop participants were tasked with different activities
i.e., characterization of the dairy value chain (Appendix I), identification of key risks and
consequences of heat stress on activities in the respective stages of the value chain (Appendix
2), and finally, assess ongoing and potential adaptation strategies for the established
consequences (Appendix 3). The data collection tools were adapted from Mwongera et al.
(2017). It is envisaged that data collected will feed in the development of adaptation plans for

sharing and adoption by dairy farmers in the study area.

Data Analysis

Descriptive statistics were used to describe the data gathered during the workshop with
stakeholders. First, all answers were first transcribed and rearranged. Main ideas for each
question were noted and the general theme identified. Finally, findings were written down in

Chapter 4, section 4.4.3.
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CHAPTER 4: RESULTS AND DISCUSSION

4.4.1: Results and discussion for objective 1

4.4.1.1: Projected Average Relative Humidity (percent) and Average maximum

temperature Changes

The projected average maximum temperature for RCPs 4.5 and 8.5 is summarized in Table 4.1
and Figure 4.1 (see also Appendix 1B for detailed figures for maximum temperature

projections for RCPs 4.5 and 8.5 for the Periods 2021-2050 and 2071-2100 for all the districts
in Uganda).

Table 4:1: Projected Average Maximum Temperature (°C) Changes based on RCPs 4.5 and
8.5 for the Periods 2021-2050 and 2071-2100 for Uganda

RCP 4.5 RCP 8.5
Historical  2021-2050 2071-2100  2021-2050 2071-2100
Mean 30 30.2 31.1 30.4 32.9
Minimum 24.2 24.1 25.0 24.6 26.6
Maximum 33.8 34.2 35.2 345 36.0
Standard Deviation 2.1 2.2 2.2 2.2 2.3

RCP 4.5 is an optimistic scenario and has the lowest projected maximum temperature increases.
The average maximum temperature increases in the 112 districts for periods 2021-2050 and
2071-2100 is 0.2°C and 1.1°C, respectively. Koboko, Maracha and Zombo districts are
projected to have the highest increases at 0.4°C. Twenty-three districts will have no increase
in maximum temperature. For the period 2021-2050, the forecasted maximum temperature in
the Buyende district is expected to drop by 0.1°C. Yumbe, Koboko and Maracha districts are
projected to have the highest increase at 1.4°C. Seventeen districts will have less than 1°C
increase in maximum temperature for the period 2071-2100. In general, the findings are in line

with [PCC (2014a), and earlier research conducted in the country (McSweeney et al., 2007).

RCP 8.5 is a pessimistic scenario and has the highest projected maximum temperature
increases. The average maximum temperature increases in the 112 districts for periods 2021-

2050 and 2071-2100 is 0.4°C and 2.9°C respectively. Arua, Lamwo, Bukwo, Zombo, Yumbe,
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Koboko and Maracha districts are projected to have the highest increases at 0.6°C. Thirteen
districts will have less than 0.3°C increase in maximum temperature for the period 2021-2050.
Kabale, Arua, Yumbe, Koboko and Maracha districts are projected to have the highest increase
at 3.2°C. Buyende and Nakasongola districts will have less than 2.6°C increase in maximum

temperature for the period 2071-2100.

Historical RCP4.5 2021-2050 RCP4.5 2071-2100

T
<26°C 26 -29°C 29 -32°C 32-35°C >35°C

Figure 4.1: Average Maximum Temperature (°C) Based on RCPs 4.5 and 8.5 for the
Historical and Future Periods (2021-2050 and 2071-2100) for Uganda

The projected average relative humidity for RCPs 4.5 and 8.5 is summarized in Table 4.2 and
Figure 4.2 (see also Appendix 1A for detailed figures for relative humidity projections for
RCPs 4.5 and 8.5 for the Periods 2021-2050 and 2071-2100 for districts in Uganda.
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Table 4:2: Projected Average Relative Humidity (percent) Changes Based on RCPs 4.5 and
8.5 for the Periods 2021-2050 and 2071-2100 for Uganda

RCP 4.5 RCP 8.5
Historical  2021-2050 2071-2100 2021-2050 2071-2100
Mean 56.5 58.5 58.6 58.4 59.0
Minimum 43.7 43.1 43.0 43.2 42.8
Maximum 72.1 76.5 77.2 76.5 78.8
Standard Deviation 7.6 8.7 8.9 8.7 94

RCP 4.5 is an optimistic scenario and has the lowest projected relative humidity increases. The
average relative humidity increases in the 112 districts for periods 2021-2050 and 2071-2100
is 2.0 percent and 2.1 percent, respectively. Kayunga and Buyende districts are projected to
have the highest increases at 4.4 percent while Nwoya is projected to have the lowest increases
of 0.4 percent for period 2021-2050. Koboko, Yumbe, Maracha and Arua districts are projected
to have a decrease in projected relative humidity for the period 2021-2050. For the period 2071-
2100, Buyende district is expected to have the highest increase of 5.1 percent, while Nebbi and
Moyo are expected to have the lowest increases of 0.2 percent. Koboko, Yumbe, Maracha and
Arua districts are projected to have a decrease in projected relative humidity for the period

2071-2100.

RCP 8.5 is a pessimistic scenario and has the highest projected relative humidity increases. The
average relative humidity increases in the 112 districts for periods 2021-2050 and 2071-2100
is 1.9 percent and 2.5 percent, respectively. For the period 2021-2050, Buyende district is
expected to have the highest increase of 4.4 percent, while Zombo and Bukwo are expected to
have the lowest increases of 0.1 percent. Koboko, Yumbe, Maracha and Arua districts are
projected to have a decrease in projected relative humidity for the period 2021-2050. For the
period 2071-2100, Buyende district is expected to have the highest increase of 6.7 percent,
while Kanungu is expected to have the lowest increase of 0.1 percent. Yumbe, Koboko, Nebbi,
Ntoroko, Rakai and Masaka districts are projected to have a decrease in projected relative

humidity for the period 2071-2100.
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Figure 4.2: Average Relative Humidity (percent) in Uganda for Historical and Future Periods
(2021-2050 and 2071-2100) based on RCPs 4.5 and 8.5

Figure 4.3 shows the long-term THI averages for the historical and future periods based on
long-term averages in maximum temperature and relative humidity. RCP 4.5 has the lowest
projected THI increases while RCP 8.5 has the highest projected THI increases. THI increase
is mostly found in the northwestern parts of the country. In this region past studies have
detected effects of climate change such as increased temperature (Egeru et al., 2019). However,

adaption options have proven to be successful (Wichern et al., 2019).
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Historical RCP4.5 2021-2050 RCP4.5 2071-2100

Historical RCP8.5 2021-2050 RCP8.5 2071-2100

<72 72-79 79 -89 >89

Figure 4.3: Long-term THI averages for the historical and future periods

4.4.1.2: Accuracy of ERA-Interim and Ensemble GCMs for simulating heat stress

categories for dairy cattle

Figure 4.4 depicts how many times the daily THI categories simulated with ERA-Interim and
ensemble GCMs datasets were the same with the one calculated by the observed climate values.
As is apparent from this graph, during the historical period, both climate datasets were able to
successfully reproduce the daily THI classifications (1981-2010). Based on the obtained
results, no statistically significant differences (at the 95 percent confidence level) were noticed.
Both climatic datasets were essentially identical in terms of simulations of THI categories for
dairy cattle in Uganda, and they were in good agreement with the observed THI categories in
synoptic stations (70 percent) when overlayed in annual time scale. As a result, based on ERA-
Interim data, the results were presented and analyzed for the historical era (1981-2010), and
under the RCP 4.5 and RCP 8.5 emission scenarios, anticipated changes in the future climate

(2021-2050 and 2071-2100) were calculated using ensemble GCMs.
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Figure 4.4: Spider chart showing agreement between the results of THI calculations based on
two global datasets (ERA-Interim and multi model ensemble GCMs) and observational data

for different months over Uganda
4.4.1.3: Ugandan Heat Stress Conditions in the Past

Table 4.3 summarizes the historical average occurrence of severe heat stress (1981-2010) and
the expected average occurrence of severe heat stress for RCPs 4.5 and 8.5 (see also sections
4.4.1.3,4.4.14, Figures 10, 11, 12, 13 and Appendix 1C for detailed figures for occurrence of
severe heat stress projections for RCPs 4.5 and 8.5 for the Periods 2021-2050 and 2071-2100

for districts in Uganda.

Table 4:3: Projected Average Frequency (percent) of Severe Heat Stress Changes Based on
RCP 4.5 and 8.5 for Periods 2021-2050 and 2071-2100 for Uganda

RCP 4.5 RCP 8.5
Historical 2021-2050 2071-2100  2021-2050 2071-2100
Mean 23 0.8 5.0 1.5 30.5
Minimum 0 0 0 0 0

43



Maximum 17 17.3 50.4 25.3 82.4
Standard Dev 3.6 2.9 10.7 4.5 26.7

Figure 4.5 depicts the regional distribution of average heat stress frequencies for dairy cattle in
Uganda over the historical period (1981-2010), with none, mild, moderate, and severe
conditions. According to the figure, the frequency of the category "no heat stress" for dairy
cattle, i.e., conditions in which the animal performs at its best in terms of productivity and
reproduction, is roughly 6 percent (21 days per year) on average. Furthermore, mild heat stress
was most prevalent in Uganda's western regions, with a frequency of roughly 20 percent (73
days per year) on average. In the western, middle, and eastern sections of the country, the
frequency of moderate heat stress ranged from less than 2 percent (7 days per year) to more
than 80 percent (290 days per year) in the northern and eastern regions of the country. The
average frequency of moderate heat stress events was 64 percent across the country (233 days
per year) while the average frequency of severe heat stress conditions for dairy cattle during

the historical period was ~10% (37 days per year).

Specifically, between 1981 and 2010, the average frequency of severe conditions ranged from
less than 2.5 percent (less than ~9 days per year) in the southern parts of Uganda while in the

country's northwestern regions, this figure has risen to more than 20% (~73 days per year).
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Figure 4.5: Frequency of various Thermal Humidity Index categories for dairy cattle during

the historical period (1981-2010)

Figure 4.6 shows that during the historical period, the frequency of severe heat stress in dairy
cattle increased significantly (p<0.05) in 38 percent of the country. Much of the large rise is

concentrated in the country's northern and central regions.
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No trend Increasing Trend

Figure 4.6: Trends in the frequency of Severe heat stress condition for dairy
cattle during the historical period of 1981-2010 (Plus (+) indicates trend values
significant at 95% confidence level). The cattle corridor is indicated as the

region between the green borders

4.4.1.4: Future Heat Stress Condition (2021-2050 and 2071-2100)

The primary findings of a study employing multi-model ensemble GCMs to predict changes
in heat stress conditions for dairy cattle in Uganda under RCP 4.5 and RCP 8.5 emission
scenarios for two future periods (2021-2050 and 2071-2100) are presented in Table 4.4 and
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Figures 4.7 and 4.8. In both illustrations, simulations under both RCP scenarios indicated that

there would be a gradual shift towards more severe conditions in the study area.

Table 4:4: Average frequency (percent) of THI categories by 2021-2050 and 2071-2100
period under RCP 4.5 and RCP 8.5 scenarios

Future Periods

THI Category Historical Period RCP 4.5 RCP 8.5
2021-2050 2071-2100  2021-2050 2071-2100
None 6 3 2 3 1
Mild 20 18 14 17 8
Moderate 64 68 70 68 66
Severe 10 11 14 12 25

Under RCP 4.5, the frequency of severe heat stress would increase by 1 percent (four days per
year) between 2021 and 2050, whereas under RCP 8.5, it would increase by 2 percent (seven
days per year). In some regions like north-western parts of the country, dairy cattle would
experience around ~200 days/year with severe heat stress condition more than the historical
period. North-eastern parts of the country will remain the same with no severe heat stress

conditions based on both RCPs for 2021-2050 period.
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RCP4.5.NONE.2021.2050 RCP4.5.MILD.2021.2050

RCP4.5.MODERATE.2021.2050

RCP4.5.SEVERE.2021.2050

RCP4.5.MODERATE.2071.2100

Figure 4.7: Frequency of different Thermal Humidity Index categories for dairy cattle by 2021-2050 and 2071-2100 periods under RCP

4.5 scenario
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Under RCP 4.5, the occurrence of extreme heat stress would increase by 2 percent (7 days/year)
throughout the 2071-2100 timeframe, whereas under RCP 8.5, it would increase by 15 percent
(55 days/year). In some regions like north-western parts, dairy cattle would experience around
~200 days/year with severe heat stress condition more than the historical period. During the
2071-2100 timeframe, the frequency of severe heat stress would increase by 3 percent (10

days/year) in the north-eastern regions of the study area for both RCPs.
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Figure 4.8: Frequency of Thermal Humidity Index categories for dairy cattle by 2021-2050 and 2071-2100 periods under RCP 8.5

scenario

50



4.4.2: Results and discussion for objective 2

4.4.2.1: Dairy cattle population at risk in Uganda

According to MAAIF/UBOS (2010), breeds including dairy, exotic, or crosses make up 47.8
percent of the cattle population. These are the breeds that will be mostly likely affected by heat
stress. Based on the spatial analysis between overlaying the cattle and the heat stress maps,
approximately 67,810 dairy cattle fall in areas with a mild THI while 3,449,970 falls in areas
with a moderate THI. As seen in Figure 4.9, most of the country’s largest livestock production
is conducted in the central and southwestern regions, otherwise known as the cattle corridor
(Area indicated as the region between the green borders stretching from Southwest to the
Northeast), and parts of Nakaseke and Nasongola in central parts, which are dominated by
pastoral rangelands with many semi-arid characteristics. In this region, there is a significant
increase in severe heat stress events covering 38 percent of the country. Temperature has been
projected to increase for both near future and mid-century periods in this region by previous

studies (Nimusiima et al., 2014; Owoyesigire et al., 2016).
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Figure 4.9: The population of dairy cattle in Uganda at risk of severe heat stress
conditions (plus (+) indicates trend values that are significant at a 95%
confidence level; see figure 10). The area between the green borders is the cattle

corridor

4.4.2.2: Projected impact on dairy production

Figure 4.10 shows the percentage of dairy production where the frequency of moderate and
severe heat stress is anticipated to vary significantly (at a 95 percent confidence level) by 2021-

2050 and 2071-2100, respectively, under RCP 4.5 and RCP 8.5 scenarios.
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Figure 4.10: Percentage of Uganda's current milk output that will be severely hampered (at 95
percent confidence level) by increasing the frequency of Moderate and Severe Heat stress

categories by 2021-2050 and 2071-2100 periods under RCPs 4.5 and 8.5

As presented in Figure 4.11, approximately ~7 percent (~175 000 000 litres), ~26 percent (~650
000 000 litres), ~27 percent (~675 000 000 litres) and ~37 percent (~925 000 000 litres) of the
current milk production takes places where the frequency for both moderate and severe heat
stress, is likely to become more common in the future by 2021-2050 and 2071-2100 under RCP
4.5 and RCP 8.5, respectively. This is quite substantial compared to the figures reported by
UBOS (2019) for 2018.
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Figure 4.11: Milk production at risk of change in the frequency, intensity, and
duration of moderate and severe heat stress under future climate conditions
(2021-2050 and 2071-2100) under RCP 4.5 and 8.5 scenario; Units
kg/milk/year/dairy cow

On average, the milk loss due to heat stress is estimated at 1.4 and 6.0 kg milk/year/dairy cow
for 2021-2050 and 2071-2100 respectively based on RCP 4.5 and 2.3 and 15.6 kg
milk/year/dairy cow for 2021-2050 and 2071-2100 respectively based on RCP 8.5. Although
heat stress has been identified as one of the major affect dairy cattle (Thornton et al., 2015),

there has not been studies in the country to assess the impact on production. In this study, an
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attempt is made to assess this. Figure 4.10 illustrates that the districts of Kaabong, Manafwa,
Bududa, Sironko, and Kapchorwa are expected to have the most drastic shifts in milk output in
the future. These are high cattle density regions as shown in section 3.3.3 where the number of
cattle is above 200 per square kilometre. These districts are mainly medium to high elevation
ranging from 1200 to 1800 metres above sea level with high points touching Mt Elgon National
Park. In these areas, farmers practice mixed rainfed agriculture which makes them highly
vulnerable to climate change (Bomuhangi et al., 2016). Appendix 2 provides a more extensive
analysis of the influence on milk production at the district level of changes in the frequency,
intensity, and duration of moderate and severe heat stress under future climate conditions

(2021-2050 and 2071-2100) under the RCP 4.5 and 8.5 scenarios.

4.4.3: Results and discussion for objective 3

In Uganda, the dairy value chain employs approximately 37 percent of the population. The
input supply and on-farm production stages are dominated by small-scale farmers. This
reaffirms the use of smallholder dairy farming as a strategy for the country's economic
transformation via commercialization (Balirwa & Waholi, 2019). On farm production stage is
composed of eighty percent, fifteen percent, and five percent small-scale, medium-scale and
large-scale actors, respectively. Women perform most of the operations such as milking and
feeding, with the youth playing a medium part in the input and on-farm production stages.
These results confirm what was documented by Sempiira et al. (2017), a study that called for
an improvement in production processes to decrease the labour burden in women. Men are
mostly in charge of obtaining feed and other supplies. Post-harvest stage is mainly composed
of three players i.e., large-scale who do the bulking, small-scale who do the processing and
medium scale who do the transportation. Milk processing, which is mostly composed of few
large-scale processors, and dominated by small-scale wholesalers. Because of the limited
activities, these stages employ fewer people than the other stages of the dairy value chain. Men
are heavily involved at this stage, with the youth giving medium assistance. The output market
is mainly composed of small-scale retailers. Eighty percent of the processed milk is sold while
sixty seven percent is consumed locally through retailers. Men play a large role in marketing,
with youth playing a medium one. The key activities in the dairy value chain are listed in Table

4.5.
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Table 4:5: Characterization of the activities and the actors involved in the dairy value chain in

Uganda
Stage Important activities Service provider
Input supply Providing drugs Input suppliers, agro dealers

Forage production

Own production, Input
suppliers and agro dealers

Provision of breeding stock

Government, private entities

On-farm production

Feeding (Provision of feeds)

Farmers

Milking

Farmers

General management (Disease
control, manure management,
product quality, cow comfort)

Government and farmers

Post-harvest

Transporting

Farmer groups and traders

Milk bulking

Individual farmers as well
as cooperatives

Processing (Small-scale, medium,
and large)

Individual farmers as well
as cooperatives

Output market

Retailing (Raw and processed
milk)

Cooperatives, groups, and
traders

Wholesaling (Producers)

Cooperatives, groups, and
traders

Exporting (processors)

Cooperatives

Heat stress has a significant impact on dairy production. As seen in Table 4.6, the

implications are felt at every stage of the value chain.

Table 4:6: The impact of heat stress on Uganda's dairy value chain activities

Stage Consequence Severity Who is impacted
Input Affects the storage of | Major Men, youth, and women
supply drugs, potency, and
shelf life
Reduced quantity and | Severe Men, youth, and women
quality
Reduces the conception | Severe Men and women
rate and feed intake
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On farm In availability of feeds | Severe Men, youth, and women
production | and water as well as
feed intake

Reduced production Severe Men, youth, and women
and milk quality

There is no cow Severe Everyone is affected
comfort hence low
productivity

Post- It reduces on the Severe Men and youth
harvest quality of the milk and
expensive cost of
transporting in cooling
tanks

Increased cost of Severe Men, youth, and women
cooling, Reduction in
milk volumes, Reduced
income

Poor quality, less Severe Men
quantity, Increased cost
of production,

Increased bacterial load

Output Milk quality is poor, Severe Men, youth, and women
market Consumers will not buy
the product

Poor milk quality, Severe Men, youth, and women
reduced shelf life, High
rejections and returns

Milk will not meet the | Severe Government, men, youth, and
quality standards of the women

exporting nations, No
exporting again/
blacklist

To anticipate or respond to heat stress owing to institutional, political, economic, sociocultural,
geographical, or biophysical variables is one of the key underlying elements for the effects
described above. This has been documented by previous studies (Balikoowa et al., 2019;
Cooper & Wheeler, 2017; Wichern et al., 2019). In a recent study in Kenya with no different
systems, lack of available information was identified as a constraint to adoption of climate
smart technologies for improved dairy production systems (Owino et al., 2020; Watende,
2016). Farmers' lack of critical heat stress adaptation knowledge and practical skills is
exacerbated by insufficient farmer extension services (Ampaire et al., 2017b). Poverty
exacerbates the problems by limiting farmers' access to resources. Inequalities, social
exclusion, and discrimination based on gender, age, or socioeconomic position are exacerbated

by community values, attitudes, beliefs, and practices regarding gender roles, asset ownership,
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and value chain involvement. Although women are very much involved in on-farm production

of milk, men make most of the decisions and control the resources. Heat stress is dispersed

spatially throughout the country, and the location of agricultural areas exposes certain farmers

to it more than others. In the dairy value chain, current adaptation options include those aimed

at enhancing production, such as crossbreeding of indigenous breeds e.g., Ankole with

improved breeds. However, previous research has shown increased commercialization of the

smallholder dairy sector is threatening the Ankole cattle (Wurzinger et al., 2006). The proposed

adaption options are more comprehensive, with the majority focusing on all stages of the value

chain. These activities are listed in Table 4.7.

Table 4:7: Ongoing and prospective responses to heat stress in Uganda’s dairy value chain

activities
Stage Ongoing Potential
Input supply Storage of drugs in ceilings Enforcing quality standards of drugs
Promotion of conservation feeding | Use of improved varieties of forages
e.g., Brachiaria species
Cross breeding of breeds e.g., Adoption of better suited breeds
Friesians to jerseys for more
adaptability
On-farm Promotion of resilient pastures Introduction of new pasture species
production to improve palatability

Use of energy efficient coolers to
preserve the milk

Introduction of milk coolers on the
farm for instant cooling

Use of appropriate sheds which are
easy to clean and well aerated

Research and innovation on
appropriate housing

Post-harvest

Use of milk tankers that are
insulated to transport milk during
the day

Use of refrigerators boxes to
transport milk from the farm to the
bulking center

Use of chilling facilities like
coolers

Increase on the energy efficiency of
cooling systems

Use of milk testing equipment at
farm level i.e., Farmer training
through extension services

Investment in the cold chain
technology up to farm level

Output market

Training in proper milk handling
practices

Provision of mobile chillers

Use of cold rooms and refrigerated
trucks

Emphasize enforcement for standards

Working under established
standards

Research on low-cost energy efficient
systems
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

5.1: Conclusion

The aim of this study was to map potential risk of exposure to heat stress for dairy cattle under
current (1981-2010) and future (2021-2050 and 2071-2100) projected climatic conditions in
Uganda using THI.

Between 1981 and 2010, most areas, particularly in the central parts of the country, had an
increase in moderate to severe heat stress in dairy cattle, according to this study. Under future
climate circumstances, the frequency of severe heat stress conditions is predicted to rise
dramatically, particularly in the country's northwestern regions, which will experience more
than 200 days/year with severe heat stress condition more than the historical period. Most of
the area affected is in the Uganda’s cattle corridor - a zone stretching from dominated by
pastoral rangelands. The increasing frequency of severe heat stress in this area due to climate
change is a new challenge for milk production in the country. This is concerning because the
demand for livestock products is expected to skyrocket in the future (Rojas-Downing et al.,

2017), and there is an expected significant increase in population (Boke-Olén et al., 2017).

Climate change is likely to increase average temperatures by up to 3 to 5 °C by 2100 (IPCC,
2018). Such rates of increase at the local level will have negative consequences. For example,
most of Uganda’s largest livestock production area falls in the central and southwestern
regions, an area that falls in the cattle corridor. It is in these regions where there is a significant
increase in severe heat stress events covering 38 percent of the country. Furthermore, more
than 20 percent of present milk production occurs in areas where moderate and severe heat
stress is predicted to become more common in the future. The losses are estimated to be on
average 14 and 33 tons of milk based on business as usual (RCP 4.5) and worst case (RCP 8.5)

scenario, respectively.

The dairy production systems in Uganda are evolving to become more business-oriented
systems. However, to stay sustainable, climate change adaptation of these systems should be a
top priority. Based on the findings of this study, it indicates that most regions of the country
will face a gradual transition toward more severe circumstances in the future. The anticipated
changes in heat stress events in Uganda described in this study points to significant

implications for the overall dairy cattle production system as such this study calls for a multi-
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stakeholder engagement in a bid to ensure that Uganda sets the pace in supporting future heat

stress management in the dairy sector.

5.2: Recommendation

Future heat stress management strategies in the dairy sector will require informed investment
from the donor community to accelerate climate-smart technologies targeted at making present
dairy production systems more resilient. Promotion of adaptation technologies like heat stress
tolerant dairy breeds is key. The government which is the custodian of livestock policies should
realign related policies to ensure they support heat stress management with support from a
range of stakeholders for example in science, the Green Climate Fund (GCF), public and

private sectors, non-governmental organizations, and civil society.

Heat-stress adaptation should now be made a priority in the country and mainstreamed into
dairy sector development initiatives. Knowledge regarding effective strategies for dealing,
adapting, or minimizing it should be disseminated at farm level. More studies are needed to
understand the factors influencing the adoption of dairy heat stress adaptation amongst
smallholder farmers. Smallholder dairy farmers should be provided with capacity building to
be able to quickly identify vulnerable or heat-stressed dairy animals. This can be made possible
through current extension systems for heat stress prevention and mitigation. Most importantly,
women should be empowered with this information since they are the most actors at the

production value chain stage level.

Uganda's dairy production systems are becoming more vulnerable because of climate change
and challenges decision-makers to decide what the most effective adaptation decisions. This
research demonstrates how geographic information systems can be a useful tool for assessing
present and future trends in heat stress for livestock, as well as identifying areas where specific
livestock may be at danger of heat stress. This thesis contributes to the challenge faced by
decision-makers in the livestock industry of developing evidence-based policy and targeted

resource allocation so that farmers can be guided and aided in preparing for heat stress.
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APPENDIX 1A: Projected Average Relative Humidity (Percent) Changes Based on
RCPs 4.5 and 8.5 for the Periods 2021-2050 and 2071-2100 for districts in Uganda

RCP 4.5 RCP 8.5
District Historical | 2021-2050 | 2071-2100 2021-2050 | 2071-2100
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Adjumani 50.8 0.7 0.4 0.6 0.7
Busia 52.6 3.2 34 3.1 4.2
Hoima 524 1.2 0.7 0.9 0.2
Jinja 57.8 4.0 43 3.9 5.0
Kabale 65.0 1.8 1.6 1.6 1.5
Kalangala 67.4 1.0 0.9 0.9 0.8
Kasese 56.8 1.4 0.9 1.2 0.0
Kibaale 62.0 1.9 1.6 1.7 1.8
Kisoro 59.0 1.9 1.5 1.7 1.1
Moyo 48.7 0.5 0.2 0.4 0.2
Ntungamo 63.3 1.9 1.4 1.6 0.9
Ssembabule 64.4 2.5 2.1 23 1.7
Kabarole 60.2 1.1 0.7 0.9 0.0
Kaberamaido 48.9 3.6 4.2 3.6 5.7
Kampala 65.7 2.9 2.8 2.7 2.5
Kamwenge 60.4 1.9 1.6 1.7 1.2
Kanungu 52.9 1.5 1.0 1.3 0.1
Kayunga 56.3 4.4 4.8 4.3 5.9
Mayuge 59.2 3.7 3.9 3.6 4.4
Nakasongola 55.7 3.9 4.6 3.8 6.0
Rukungiri 59.5 23 1.7 2.1 1.1
Wakiso 65.7 2.9 2.8 2.7 2.5
Yumbe 54.7 -0.3 -0.7 -0.4 -0.6
Amolatar 54.7 3.1 3.8 3.1 5.4
Amuria 44.1 2.7 33 2.8 4.3
Butaleja 47.3 3.5 3.9 34 5.1
Ibanda 61.7 2.1 1.6 1.8 1.1
Isingiro 65.5 24 1.7 2.1 1.0
Kaabong 52.2 1.8 2.7 1.9 33
Kaliro 49.9 4.2 4.8 4.1 6.1
Katakwi 43.7 2.7 33 2.8 4.3
Kiruhura 63.1 23 2.0 2.1 1.6
Koboko 574 -0.6 -0.9 -0.7 -0.5
Luwero 58.9 4.1 4.5 3.9 5.3
Mbale 51.7 2.4 3.0 2.4 4.4
Mbarara 63.8 2.2 1.7 1.9 1.3
Mityana 65.2 3.1 3.1 2.9 3.1
Mubende 65.0 2.4 23 23 2.4
Nakaseke 57.9 3.0 3.5 2.9 4.6
Tororo 50.2 3.0 34 3.0 4.6
Budaka 50.0 2.6 3.2 2.6 4.6
Abim 45.4 2.7 33 2.7 4.1
Amuru 49.9 0.5 0.4 0.5 0.7
Buliisa 50.9 1.1 0.8 0.9 0.6
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Kotido 48.1 2.6 3.5 2.7 4.2
Namutumba 49.6 3.9 4.4 3.8 5.6
Maracha 57.7 -0.3 -0.4 -0.4 0.0
Oyam 56.4 0.9 1.6 1.0 3.3
Dokolo 50.6 33 4.1 3.4 5.6
Arua 56.2 -0.1 -0.1 -0.2 0.2
Manafwa 533 2.2 2.8 2.2 4.5
Bukedea 48.1 2.2 2.8 2.2 3.9
Bududa 53.9 1.8 2.5 1.8 4.1
Rakai 70.8 1.5 0.8 1.3 -0.3
Lyantonde 66.2 24 1.9 2.2 1.3
Amudat 53.6 1.1 1.8 1.2 2.5
Buikwe 63.6 3.6 3.6 3.4 3.8
Buyende 52.2 4.4 5.1 4.4 6.7
Kamuli 56.0 4.2 4.6 4.1 5.6
Kitgum 47.1 1.8 1.9 1.7 2.0
Lamwo 513 0.7 0.7 0.6 1.0
Nakapiripirit 48.4 1.7 2.2 1.7 2.9
Nebbi 47.8 0.7 0.2 0.5 -0.4
Otuke 48.1 2.4 2.8 2.4 3.9
Zombo 66.1 0.0 1.0 0.1 2.4
Kyegegwa 63.2 2.2 2.0 2.1 2.0
Kyenjojo 61.2 1.6 1.3 1.4 1.0
Apac 55.7 23 3.2 2.4 4.9
Bugiri 52.7 3.8 4.1 3.7 5.0
Bukomansimbi 66.1 24 2.0 2.2 1.3
Bukwo 63.0 0.0 1.0 0.1 2.4
Bulambuli 49.8 1.7 23 1.7 3.3
Bundibugyo 59.1 1.1 0.7 0.9 0.3
Bushenyi 59.9 1.8 1.3 1.6 0.9
Butambala 66.2 2.6 2.3 2.4 1.8
Iganga 52.0 4.3 4.8 4.3 6.1
Kalungu 67.7 2.2 1.6 1.9 0.8
Kapchorwa 54.6 1.4 2.1 1.5 3.8
Sheema 59.8 2.0 1.4 1.7 0.9
Kole 52.7 1.4 1.9 1.5 3.3
Kween 553 1.0 1.8 1.1 2.9
Luuka 55.8 4.2 4.5 4.0 54
Masaka 69.5 1.8 1.1 1.5 -0.1
Masindi 52.7 1.5 1.2 1.3 1.3
Moroto 48.7 2.1 3.0 2.3 3.6
Napak 45.7 2.6 33 2.7 4.0
Ngora 45.4 33 3.9 3.4 52
Buhweju 64.1 2.0 1.6 1.7 1.5
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Ntoroko 52.2 1.2 0.5 0.9 -0.3
Pader 48.5 1.6 1.8 1.6 2.4
Rubirizi 52.2 1.7 1.1 1.5 0.2
Sironko 53.9 1.8 2.5 1.8 4.1
Soroti 46.2 3.6 4.2 3.6 5.7
Agago 46.1 2.3 2.7 2.4 34
Alebtong 46.5 2.9 34 2.9 4.7
Buvuma 62.5 1.6 2.0 1.6 2.7
Gomba 65.5 2.5 23 2.4 2.0
Gulu 54.5 0.6 1.0 0.7 24
Kiboga 62.2 2.8 2.9 2.6 3.4
Kibuku 47.9 3.8 4.3 3.7 5.6
Kiryandongo 58.8 0.8 1.4 0.9 2.8
Kumi 44.7 3.2 3.8 3.2 5.1
Kyankwanzi 58.7 2.1 2.2 1.9 2.7
Mitooma 58.3 1.9 1.4 1.7 0.7
Mpigi 67.4 23 1.8 2.1 1.1
Nwoya 534 0.4 0.4 0.4 1.1
Serere 47.5 3.6 4.2 3.6 5.6
Lwengo 67.9 2.2 1.7 2.0 1.0
Mukono 62.7 3.5 3.5 33 3.8
Namayingo 56.3 33 3.6 33 4.1
Pallisa 47.8 4.0 4.7 4.0 6.2
Lira 51.2 23 2.8 2.3 4.3

APPENDIX 1B: Projected Average Maximum Temperature (°C) Changes based on

RCPs 4.5 and 8.5 for the Periods 2021-2050 and 2071-2100 for districts in Uganda

RCP 4.5

RCP 8.5
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District Historical 2021-2050 | 2071-2100 | 2021-2050 | 2071-2100
Adjumani 333 0.3 1.3 0.5 3.1
Busia 30.2 0.1 1 0.3 2.7
Hoima 323 0.1 1 0.3 2.8
Jinja 30.7 0 0.9 0.3 2.7
Kabale 24.2 0.2 1.2 0.5 3.2
Kalangala 26.4 0.3 1.2 0.5 2.9
Kasese 294 0.2 1.2 0.4 3
Kibaale 30.3 0.1 1 0.3 2.8
Kisoro 26.5 0.1 1.1 0.4 3.1
Moyo 33.8 0.3 1.3 0.5 3.1
Ntungamo 27.6 0.2 1.2 0.4 3.1
Ssembabule 29 0.1 1.1 0.4 2.9
Kabarole 30.1 0.2 1.2 0.4 3
Kaberamaido 31.9 0 0.9 0.2 2.6
Kampala 28.8 0.1 1 0.4 2.8
Kamwenge 294 0.1 1.1 0.4 3
Kanungu 294 0.1 1.1 0.4

Kayunga 31.3 0 0.9 0.2 2.6
Mayuge 30.1 0 1 0.3 2.7
Nakasongola 31.3 0 0.9 0.2 2.5
Rukungiri 27.5 0.1 1.1 0.3 3
Wakiso 28.8 0.1 1 0.4 2.8
Yumbe 32.6 0.3 1.4 0.6 3.2
Amolatar 314 0 0.9 0.2 2.6
Amuria 32 0.1 1 0.3 2.7
Butaleja 313 0.1 1 0.3 2.8
Ibanda 28.8 0.1 1.1 0.4 3
Isingiro 28 0.1 1.2 0.4 3.1
Kaabong 28.8 0.2 1.1 0.5 2.9
Kaliro 31.9 0 0.9 0.2 2.6
Katakwi 323 0.1 1 0.3 2.7
Kiruhura 28.7 0.1 1.1 0.4 3
Koboko 32 0.4 1.4 0.6 3.2
Luwero 30.8 0 0.9 0.2 2.6
Mbale 28.8 0.2 1.1 0.4 2.9
Mbarara 28.2 0.1 1.1 0.4 3
Mityana 294 0.1 1 0.3 2.8
Mubende 29.2 0.1 1.1 0.3 2.9
Nakaseke 31.1 0 0.9 0.3 2.6
Tororo 29.9 0.1 1.1 0.4 2.8
Budaka 29.5 0.2 1.1 0.4 2.9
Abim 31.1 0.1 1 0.3 2.8
Amuru 32.9 0.3 1.3 0.5 3.1
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Buliisa 32.6 0.2 1.1 0.4 2.9
Kotido 29.6 0.1 1 0.4 2.8
Namutumba 31.5 0 1 0.3 2.7
Maracha 31.5 0.4 1.4 0.6 3.2
Oyam 314 0.2 1.1 0.4 2.8
Dokolo 31.7 0 0.9 0.2 2.6
Arua 31.6 0.3 1.3 0.6 32
Manafwa 274 0.2 1.2 0.5 2.9
Bukedea 30 0.2 1.1 0.4 2.9
Bududa 27.5 0.2 1.2 0.5 3
Rakai 28 0.2 1.2 0.5 3.1
Lyantonde 28.5 0.1 1.1 0.4

Amudat 28.2 0.2 1.2 0.5

Buikwe 29.7 0 1 0.3 2.7
Buyende 31.7 -0.1 0.9 0.2 2.5
Kamuli 31.1 0 0.9 0.2 2.6
Kitgum 30.4 0.2 1.2 0.5 3
Lamwo 31 0.3 1.3 0.6 3.1
Nakapiripirit 29.7 0.2 1.1 0.4 2.9
Nebbi 33.1 0.3 1.2 0.5 3.1
Otuke 31.9 0.1 1 0.3 2.7
Zombo 28.1 0.4 1.3 0.6 3.1
Kyegegwa 29.5 0.1 1.1 0.3 2.9
Kyenjojo 29.9 0.1 1.1 0.4 2.9
Apac 313 0.1 1 0.3 2.6
Bugiri 31 0 1 0.3 2.7
Bukomansimbi 29.1 0.1 1.1 0.4 2.9
Bukwo 24.3 0.3 1.3 0.6 3.1
Bulambuli 29.2 0.2 1.1 0.4 2.9
Bundibugyo 29.4 0.2 1.2 0.4 3
Bushenyi 28.6 0.1 1.1 0.4 3
Butambala 29 0.1 1.1 0.4 2.9
Iganga 31.6 0 0.9 0.2 2.7
Kalungu 28.7 0.1 1.1 0.4 3
Kapchorwa 27.5 0.2 1.2 0.5 3
Sheema 28.3 0.1 1.1 0.4

Kole 31.6 0.1 1.1 0.4 2.8
Kween 27 0.3 1.2 0.5 3
Luuka 31 0 0.9 0.3 2.7
Masaka 28.3 0.2 1.2 0.5 3
Masindi 32.7 0.1 1.1 0.4 2.9
Moroto 29.7 0.2 1.1 0.4 2.9
Napak 30.7 0.1 1 0.3 2.8
Ngora 32 0.1 1 0.3 2.7
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Buhweju 27.9 0.2 1.1 0.4 3

Ntoroko 31.8 0.1 1.1 0.4 2.9
Pader 32.1 0.2 1.1 0.4 2.9
Rubirizi 30.3 0.1 1.1 0.4 3

Sironko 27.5 0.2 1.2 0.5 3

Soroti 32.2 0 0.9 0.2 2.6
Agago 31.5 0.1 1 0.4 2.8
Alebtong 32.1 0 1 0.3 2.7
Buvuma 26.8 0.2 1.1 0.5 2.7
Gomba 29.1 0.1 1.1 0.4 2.9
Gulu 31.6 0.2 1.2 0.5 2.9
Kiboga 30.1 0 1 0.3 2.8
Kibuku 31.7 0 1 0.3 2.7
Kiryandongo 31.5 0.2 1.1 0.4 2.8
Kumi 31.6 0.1 1 0.3 2.8
Kyankwanzi 31.2 0.1 1 0.3 2.7
Mitooma 28.5 0.1 1.1 0.4 3

Mpigi 28.7 0.2 1.1 0.4 2.9
Nwoya 32.6 0.3 1.2 0.5 3

Serere 31.9 0 0.9 0.3 2.7
Lwengo 28.1 0.1 1.1 0.4 3

Mukono 29.5 0.1 1 0.3 2.7
Namayingo 29.5 0 0.9 0.2 2.6
Pallisa 32.1 0 0.9 0.2 2.6
Lira 31.6 0.1 1 0.3 2.7

APPENDIX 1C: Projected Average Frequency of Severe Heat Stress (Percent) Changes
based on RCPs 4.5 and 8.5 for Periods 2021-2050 and 2071-2100 for districts in Uganda

RCP 4.5

RCP 8.5

District

Historical

2021-2050

2071-2100

2021-2050

2071-2100

Adjumani

15.4

-2.1

31.8

5.9

63.2
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Busia 0.2 -0.2 -0.2 -0.2 14.4
Hoima 5 -4.1 4.5 -3.1 56.8
Jinja 2.6 -2.4 1.5 -2 46.7
Kabale 0 0 0 0 0

Kalangala 0 0 0 0 1.1
Kasese 0.3 -0.3 -0.3 -0.3 7.4
Kibaale 2.6 -2.6 0.2 -2.2 43.1
Kisoro 0 0 0 0 0.1
Moyo 17 0.3 334 8.3 61.5
Ntungamo 0 0 0 0 1.1
Ssembabule 1.2 -1.2 -1.1 -1.2 16.4
Kabarole 1.8 -1.7 0.8 -1.4 27.3
Kaberamaido 2.3 2.2 0.8 -2 50.1
Kampala 0.6 -0.6 -0.3 -0.6 21.2
Kamwenge 0.7 -0.7 -0.7 -0.7 16.6
Kanungu 0 0 0 0 3.5
Kayunga 4.8 -4.1 4.2 -3.3 61.7
Mayuge 0.7 -0.7 -0.5 -0.7 324
Nakasongola 3.1 -2.9 2.1 -2.6 56.2
Rukungiri 0 0 0 0 0.1
Wakiso 0.6 -0.6 -0.3 -0.6 21.2
Yumbe 14.2 -5.5 24.1 0.9 60.2
Amolatar 3.1 -2.9 23 -2.6 56.5
Amuria 0.8 -0.8 -0.7 -0.8 323
Butaleja 0.6 -0.6 -0.6 -0.6 27.9
Ibanda 0.6 -0.6 -0.5 -0.6 9.8
Isingiro 0.2 -0.2 -0.2 -0.2 5.7
Kaabong 0 0 0 0 1.3
Kaliro 33 -3.1 2.3 -2.7 52.7
Katakwi 1.4 -1.4 -1 -1.3 40

Kiruhura 0.7 -0.7 -0.7 -0.7 10.8
Koboko 11.7 -4.2 18.4 0.4 574
Luwero 33 -3.1 1.8 -2.7 554
Mbale 0.2 -0.2 -0.2 -0.2 9.3
Mbarara 0.4 -0.4 -0.3 -0.4 6.4
Mityana 1.2 -1.1 -0.7 -1.1 323
Mubende 1.2 -1.2 -1 -1.2 24.6
Nakaseke 33 -3.1 2.2 -2.7 56.6
Tororo 0.3 -0.3 -0.2 -0.3 14.8
Budaka 0.2 -0.2 -0.2 -0.2 13.8
Abim 0.1 -0.1 -0.1 -0.1 12

Amuru 8.7 -5.5 17.4 -1.9 63.2
Buliisa 7.1 -3.3 10.2 -1.1 59.7
Kotido 0 0 0 0 1.7
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Namutumba 2.1 -2 1 -1.7 41.3
Maracha 8.1 -3.7 13 -0.5 54.5
Oyam 33 -3.1 2.1 -2.8 56.6
Dokolo 2 -1.9 0.6 -1.7 50.3
Arua 7.1 -2.9 12 0.2 52.1
Manafwa 0 0 0 0 0
Bukedea 0.1 -0.1 -0.1 -0.1 11.8
Bududa 0 0 0 0 0
Rakai 0.5 -0.5 -0.5 -0.5 14
Lyantonde 0.8 -0.8 -0.8 -0.8 13.7
Amudat 0 0 0 0 1.3
Buikwe 1.3 -1.2 -0.2 -1.2 37.9
Buyende 3.6 -3.3 34 -3 57.6
Kamuli 33 -3 2.5 -2.6 52.9
Kitgum 0 0 0 0 5.7
Lamwo 0.8 -0.8 -0.3 -0.8 30.9
Nakapiripirit 0 0 0 0 4
Nebbi 6.5 -3.8 14.4 -1 62.3
Otuke 1.7 -1.7 -0.3 -1.6 43.1
Zombo 0.3 -0.3 -0.3 -0.3 11.6
Kyegegwa 1.5 -1.5 -0.6 -14 26.7
Kyenjojo 1.8 -1.8 0.4 -1.5 29.5
Apac 2.7 -2.7 1.7 -2.4 55.2
Bugiri 1.4 -1.3 0.2 -1.2 35.7
Bukomansimbi 1.1 -1.1 -0.8 -1.1 22.7
Bukwo 0 0 0 0 0
Bulambuli 0 0 0 0 4
Bundibugyo 1.8 -1.8 0.7 -1.5 25.1
Bushenyi 0.1 -0.1 -0.1 -0.1 4.9
Butambala 0.9 -0.9 -0.7 -0.9 24.2
Iganga 3.5 -3.3 2.5 -2.8 54.6
Kalungu 0.7 -0.7 -0.6 -0.7 18.6
Kapchorwa 0 0 0 0 0
Sheema 0.1 -0.1 -0.1 -0.1 3.7
Kole 2.8 -2.7 1 -2.5 51.8
Kween 0 0 0 0 1.6
Luuka 3 -2.7 2.1 -2.3 49.6
Masaka 0.7 -0.7 -0.6 -0.7 15.5
Masindi 10.7 -3.6 17.2 0 67.6
Moroto 0 0 0 0 2.3
Napak 0 0 0 0 6.4
Ngora 1.6 -1.5 0.2 -14 394
Buhweju 0.2 -0.2 -0.2 -0.2 3.5
Ntoroko 2.7 -2.6 1.1 -2.2 40.9
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Pader 2.5 -2.4 1.1 -2.1 46.7
Rubirizi 0.1 -0.1 -0.1 -0.1 9.9
Sironko 0 0 0 0 0

Soroti 1.9 -1.9 -0.1 -1.7 48

Agago 0.5 -0.5 -0.4 -0.5 24.1
Alebtong 1.7 -1.7 -0.7 -1.6 44.4
Buvuma 0 0 0 0 0.8
Gomba 1.1 -1.1 -0.8 -1 23

Gulu 3.5 -3.4 2.1 -3 55.1
Kiboga 2.2 2.2 -0.3 -2 43

Kibuku 1.9 -1.8 0.9 -1.6 40.2
Kiryandongo 5.8 -5.1 7.8 -3.7 64.6
Kumi 0.3 -0.3 -0.3 -0.3 274
Kyankwanzi 4.5 -4 3.2 -3.3 58.1
Mitooma 0.1 -0.1 -0.1 -0.1 3.7
Mpigi 0.5 -0.5 -0.5 -0.5 17.5
Nwoya 10 -4.3 20.7 0.2 65.4
Serere 2 -2 0.8 -1.8 45.7
Lwengo 0.5 -0.5 -0.5 -0.5 11

Mukono 1.8 -1.6 0.9 -1.4 333
Namayingo 0.2 -0.2 -0.1 -0.2 10.8
Pallisa 3 -2.9 2 -2.6 50.8
Lira 1.9 -1.9 -0.2 -1.7 48.7

APPENDIX 2: Projected milk loss due to change in the frequency, intensity, and

duration of Moderate and Severe heat stress under future climate conditions (2021-2050

and 2071-2100) under RCP 4.5 and 8.5 scenario; Units kg/milk/year/dairy cow

RCP 4.5

RCP 8.5
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District 2021-2050 | 2071-2100 | 2021-2050 | 2071-2100

Adjumani 0.07 0.20 0.10 0.43
Busia 0.96 291 1.44 6.46
Hoima 0.06 0.22 0.10 0.52
Jinja 0.61 1.74 0.89 3.82
Kabale 0.00 0.00 0.00 47.71
Kalangala 2.61 21.11 5.61 59.26
Kasese 1.22 4.32 2.00 9.96
Kibaale 0.35 1.30 0.58 3.07
Kisoro 1.31 8.52 2.82 46.20
Moyo 0.14 0.39 0.20 0.85
Ntungamo 3.48 16.76 6.54 41.32
Ssembabule 1.33 4.55 2.11 10.37
Kabarole 0.86 3.19 1.44 7.35
Kaberamaido 0.19 0.52 0.27 1.15
Kampala 1.94 5.99 2.99 13.39
Kamwenge 0.92 3.17 1.49 7.32
Kanungu 1.55 9.37 3.21 24.31
Kayunga 0.33 0.88 0.46 1.90
Mayuge 0.88 2.51 1.29 5.49
Nakasongola 0.30 0.85 0.42 1.87
Rukungiri 2.62 17.05 5.64 44.69
Wakiso 1.94 5.99 2.99 13.39
Yumbe 0.20 0.60 0.29 1.32
Amolatar 0.21 0.63 0.31 1.40
Amuria 0.20 0.59 0.30 1.29
Butaleja 0.49 1.29 0.68 2.74
Ibanda 1.72 6.89 3.00 16.08
Isingiro 2.61 11.31 4.76 26.24
Kaabong 6.10 17.05 8.74 36.71
Kaliro 0.30 0.77 0.41 1.65
Katakwi 0.14 0.40 0.20 0.87
Kiruhura 1.82 6.83 3.10 15.74
Koboko 0.20 0.60 0.29 1.32
Luwero 0.45 1.28 0.64 2.82
Mbale 3.58 23.62 7.68 54.59
Mbarara 2.46 10.66 4.44 25.31
Mityana 1.05 3.28 1.61 7.40
Mubende 1.08 3.60 1.71 8.28
Nakaseke 0.26 0.81 0.39 1.84
Tororo 2.17 13.21 4.40 30.57
Budaka 2.77 17.92 5.87 41.40
Abim 0.79 2.21 1.13 4.82
Amuru 0.18 0.50 0.26 1.10
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Buliisa 0.05 0.18 0.08 0.41
Kotido 4.08 10.95 5.75 23.58
Namutumba 0.42 1.09 0.58 2.32
Maracha 0.46 1.39 0.68 3.04
Oyam 0.24 0.80 0.37 1.84
Dokolo 0.15 0.42 0.21 0.92
Arua 0.59 1.78 0.87 3.90
Manafwa 5.18 36.06 11.33 84.05
Bukedea 1.95 11.90 4.04 27.25
Bududa 5.12 34.78 11.17 80.52
Rakai 2.35 8.76 4.01 20.09
Lyantonde 1.76 6.53 2.95 14.87
Amudat 2.89 9.18 4.43 34.83
Buikwe 0.89 2.68 1.34 5.97
Buyende 0.25 0.66 0.34 1.42
Kamuli 0.45 1.28 0.65 2.80
Kitgum 2.21 5.80 3.09 12.40
Lamwo 1.12 2.98 1.57 6.37
Nakapiripirit 2.88 9.61 4.55 21.49
Nebbi 0.06 0.18 0.09 0.39
Otuke 0.28 0.80 0.41 1.77
Zombo 3.79 11.46 5.57 25.09
Kyegegwa 0.91 3.15 1.48 7.25
Kyenjojo 0.79 2.86 1.31 6.63
Apac 0.20 0.61 0.29 1.39
Bugiri 0.64 1.75 0.91 3.77
Bukomansimbi 1.20 3.93 1.91 8.96
Bukwo 0.00 0.00 0.00 43.21
Bulambuli 2.76 17.42 5.84 39.98
Bundibugyo 0.14 0.50 0.23 1.16
Bushenyi 2.17 10.00 4.00 24.26
Butambala 1.27 4.05 1.99 9.18
Iganga 0.35 0.90 0.48 1.90
Kalungu 1.58 5.22 2.53 11.85
Kapchorwa 5.07 33.50 11.02 76.99
Sheema 2.28 11.76 4.41 29.36
Kole 0.27 0.81 0.39 1.81
Kween 2.71 13.18 5.03 40.80
Luuka 0.52 1.43 0.74 3.10
Masaka 1.97 6.79 3.23 15.39
Masindi 0.06 0.19 0.09 0.43
Moroto 2.92 8.12 4.12 17.70
Napak 1.19 3.32 1.70 7.23
Ngora 0.24 0.63 0.33 1.36
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Buhweju 2.56 11.56 4.70 27.52
Ntoroko 0.14 0.50 0.23 1.16
Pader 0.37 1.01 0.52 2.20
Rubirizi 0.47 1.69 0.77 3.94
Sironko 5.12 34.78 11.17 80.52
Soroti 0.15 0.42 0.22 0.91
Agago 0.66 1.82 0.95 3.95
Alebtong 0.21 0.60 0.30 1.33
Buvuma 2.16 21.44 5.29 58.26
Gomba 1.22 3.98 1.92 9.08
Gulu 0.26 0.81 0.39 1.82
Kiboga 0.50 1.61 0.77 3.68
Kibuku 0.35 0.92 0.49 1.96
Kiryandongo 0.14 0.49 0.22 1.14
Kumi 0.32 0.85 0.44 1.81
Kyankwanzi 0.17 0.57 0.26 1.32
Mitooma 2.19 11.83 4.32 29.98
Mpigi 1.58 4.95 2.46 11.20
Nwoya 0.12 0.39 0.18 0.89
Serere 0.21 0.57 0.29 1.22
Lwengo 2.19 8.52 3.79 19.37
Mukono 1.54 4.72 2.35 10.55
Namayingo 1.22 4.31 1.99 9.90
Pallisa 0.25 0.65 0.34 1.40
Lira 0.28 0.81 0.40 1.81
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