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Abstract
The entire agricultural supply chain, from crop production to food consumption, is expected
to suffer significant damages from climate change. This paper empirically investigates the
effects of warming on agricultural labor supply through variation in dietary intake in rural
Uganda. We examine labor supply, food consumption, and overall social welfare under
various climate change scenarios. First, we combine nationally representative longitudinal
survey data with high-resolution climatic data using an instrumental variable approach.
Controlling for calorie intake, our study shows that warming has a non-linear impact on
agricultural labor supply, with the number of hours worked being optimized at an optimal
temperature of 21.3°C. Using these econometric estimates to parametrize an overlapping
generations model, we find that under RCP8.5, output per adult decreases by 20 per cent by
the end of the century due to the combined effect of climate change on food consumption
and labor supply.

Keywords: food consumption; food security; climate impacts; climate change; labor supply; welfare

1. Introduction
Climate change interacts with multiple dimensions of human systems in different levels
(Pachauri et al., 2014). An expanding economic literature has focused on the implica-
tions of climate change and variability for a wide set of economic outcomes, ranging
from economic growth (Fankhauser and Tol, 2005; Burke et al., 2015) and agricultural
production (Burke and Emerick, 2016) to fertility change (Casey et al., 2019), conflicts
(Brzoska and Fröhlich, 2016), health outcomes (Dasgupta, 2018) and migration (Parry
et al., 2004; Black et al., 2011; Shayegh, 2017). These studies have found a negative rela-
tionship between temperature rise and economic growth (and income equality) globally
(Miguel et al., 2004). At the regional level, increase in rainfall has been positively linked
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to income growth in Sub-Saharan Africa and Latin America (Barrios et al., 2010; Hsiang,
2010; Brückner and Ciccone, 2011). In these regions, the agricultural sector dominates
the economy while it is largely based on small-holders. Therefore, the main linkage
between weather, income and overall welfare can usually be traced through agriculture
(Skoufias et al., 2011; Dell et al., 2014). Climate change affects both the quality and quan-
tity of food production, reducing food security and nutrition intake among the most
vulnerable population including women and children (Dillon et al., 2015; Phalkey et al.,
2015). Increasing temperatures and erratic rainfall are likely to harm agricultural pro-
duction and the nutritional composition of crops (Wheeler and Von Braun, 2013;Myers
et al., 2017), while short-term but intense precipitation may damage harvests. Overall,
droughts and floods have a larger impacts on the livelihoods of low-income groups and
account for 70 per cent of the economic losses in Sub-Saharan countries (Shiferaw et al.,
2014).

Consequently, people whose livelihood depends on farming activities are likely to be
heavily impacted by climatic shocks, starting from damages to their level of nutritional
adequacy (Wheeler and Von Braun, 2013). These effects on nutrition are likely to have
repercussions on labor productivity; calorie deficit generally leads to poor health, which
in turn reduces labor productivity and the time allocated to work (Aziz, 1995; Croppen-
stedt and Muller, 2000). Some studies have established a clear link between labor supply
and nutrient intake (Weinberger, 2004; Jha et al., 2009; Linderhof et al., 2016). There-
fore, the health impacts of malnutrition on labor productivity can be considered as an
indirect effect of climate change on labor supply (Kjellstrom et al., 2009; Graff Zivin
et al., 2018).

Nevertheless, a direct effect of weather on labor supply has also been established;
higher temperatures can lead to changes in the allocation of time to labor aswell as leisure
activities by modifying the marginal productivity of labor, especially in climate-exposed
sectors such as agriculture or construction. Using data on time use, Graff Zivin and Nei-
dell (2014) find that workers in climate-exposed sectors reduce daily time allocated to
labor by as much as 1 h (14 per cent reduction in labor supply) when daily maximum
temperatures are above 29.4°C.

While labor supply is positively affected by the level of nutritional intake (Deolalikar,
1988; Thomas and Frankenberg, 2002; Fink et al., 2014), the existing literature suggests
that better nutritional status is also associated with higher wages, implying that access to
adequate and nutritious food improves people’s health along with their ability to work
and be productive (Strauss, 1986; Hoddinott and Kinsey, 2001; Jha et al., 2009). Inade-
quate nutrition, on the other hand, creates a loss of income and growth through declining
labor productivity (Croppenstedt and Muller, 2000). Thus, nutrition plays a key role in
improving labor productivity and boosting economic growth in regions where the labor
force consists mainly of low-skilled and undernourished individuals (Case and Paxson,
2008). Therefore, understanding the relationship between climatic factors and economic
outcomes through the channels of labor supply and nutrition is crucial to better estimate
the climate damage functions under future climate scenarios (Burke et al., 2015) and to
support policy makers in implementing effective adaptation strategies.

This paper focuses on Uganda, a Sub-Saharan African country that is susceptible to
the effects of climate change (Pearce et al., 1996; McCarthy et al., 2001). Malnutrition is
already amajor cause ofmorbidity inUganda (FANTA-2, 2010) and any adverse climatic
effects will likely lead to a deterioration of the current situation. Agricultural production
is heavily dependent on rainfall; 80 per cent of the population is dependent on rain-fed
agriculture for their livelihood (Turyahabwe et al., 2013) and it is widely-based on the
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adoption of traditional technologies. Thus, Uganda can be considered a relevant case
study for the analysis of labor supply, food security and climate change.

This paper aims to fill the gap in the existing literature by empirically investigating
both the direct effect of climatic shocks on labor supply and the indirect effect through
variation in dietary intakes using longitudinal micro survey data from Uganda com-
bined with high-resolution climatic data. These econometric estimates are then used to
calibrate an overlapping generations (OLG) model to project the future impacts of cli-
mate under a moderate Shared Socioeconomic Pathway (SSP) (Riahi et al., 2017) and
four Representative Concentration Pathway (RCP) scenarios (Moss et al., 2010).

The econometric results show that there is a non-linear impact of temperature on
both calorie intake and labor supply and that weekly labor supply is maximized at a
mean temperature of 21.3°C and a 10 per cent increase in calorie consumption leads to an
increase in labor supply of approximately 0.86 h per week. Results from the OLGmodel
suggest that under unmitigated climate change, relative productivity of the agricultural
sector to the non-agricultural sector drops by 10 per cent while the supply of low-skilled
labor to high-skilled labor drops by 12 per cent by the end of the century. Furthermore,
an increase in the amount of low-skilled labor coupled with climate change impacts on
sectoral productivity and labor supply reduces output per adult by 20 per cent during
the last part of the century.

The paper is structured as follows. Section 2 describes the conceptual framework
and the empirical strategy and section 3 depicts the dataset. Sections 4 and 5 provide
the empirical and simulation results, respectively, while section 6 presents the final
discussion and conclusions.

2. Empirical strategy
The impacts of climate change on nutrition and food security and labor supply have
been investigated separately in the literature. However, since nutrition also affects labor
supply, estimating the climatic impact of climate or weather-related variables on labor
supply via ordinary least squares (OLS) could potentially result in biased estimates. In
order to identify the full effect of climatic variability on labor supply, we employ a two-
stage least squares (2SLS) fit with a Limited Information Maximum Likelihood (LIML)
approach to estimate the effect of climate on food intake and labor supply separately. The
first step derives a relationship between climatic variables and calorie intake (Cit) from
food consumption for each individual i at time t (measured as week and year). Since Cit
is endogenous, the two climate indicators, the Standardized Precipitation Index (SPI)
and the Warm Spell Duration Index (WSDI),1 are used as exogenous instruments;

Zit = {SPIit ,WSDIit}. (1)

Both the six-month SPI and WSDI are long-term climatic variables affecting food sup-
ply and agricultural production. In particular, in Uganda where own-grown production
is the major source of food consumption, climatic factors can play a major role in food
supply. However, these indicators are determined over the last six months (in the case
of the SPI) and twelve months (in the case of the WSDI). Availability of the household
members to work and be productive, on the other hand, is measured as the number of
hours worked in a given week. Thus, these long-term indicators should have no impact

1See section 4 for a detailed description of the variables.
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on current labor supply decisions or unobserved factors affecting labor decisions of the
household. Yet current climate variables, including precipitation and average or maxi-
mum temperatures during the week of the household survey, will have a direct impact on
labor supply in the contemporaneous period. In order to estimate this effect, it is impor-
tant to ensure that calorie intake, which is endogenously determined, is instrumented to
use only the past climatic variable’s explained part in the variation in food consumption
as an explanatory variable in the labor supply equation. Moreover, all additional control
variables in the second stage are included in the first stage regression as explained below,
including household-specific and time fixed-effects, and a vector of additional control
variables Xit . Hence, the estimation approach consists of estimating calorie intake based
on the following equation including the exogenous regressors Zit in the first stage (2);

Cit = δ0 + γZit + δXit + αi + γt + ξ1it . (2)

In the second step, the causal effects of calorie intake and contemporaneous climate on
weekly labor supply (LSit) are identified. The structural equation can be written as:

LSit = β0 + τ1Tit + τ2T2
it + π1Pit + π2P2it + ξ Ĉit + βXit + αi + γt + ηit . (3)

The climatic variables included are average (weekly) temperature Tit and its squared
term to capture potential non-linear effects and total weekly precipitation Pit . The esti-
mated calorie intake from the first stage, Ĉit , also enters in the second equation, along
with a matrix Xit of other relevant control variables influencing individual labor sup-
ply including gender, marital status, number of years of education and total household
income. Finally, a year-week interaction term is included along with household αi and
survey wave fixed-effects γt .

Given the existing findings on the non-linear and ∩-shaped relationship of eco-
nomic performance and in particular local temperatures, it is expected that for the
set of coefficients of temperatures, τ1 > 0, τ2 < 0. For this case, the results indicate a
non-linear relationship with an ‘optimal’ value of the local temperature computed as
Topt = |τ1/(2τ2)|. These estimates from the second stage are used to parametrize the
economic model to project labor allocation under various climate change and socioeco-
nomic scenarios. In order to account for the impacts of climate change on both labor
supply and food consumption, we develop a structural model of a representative house-
hold where the decision on the education (skill) level of children is taken by altruistic
parents. We use the framework provided by OLG models to study the behavior of each
household and the mechanisms through which they adapt to the impacts of climate
change, especially by adjusting their working hours and food consumption.

3. OLGmodel framework
The OLG framework is developed with two types of labor and a two-sector economy
(Diamond, 1965; Galor, 2011; Casey et al., 2019). This model is generally able to capture
most of the transformation characteristics of economy and labor. The services sector is
not included here in order to get the closed form solutions for the model but it will be
possible to add a third sector to themodel in the future. One economic sector is assumed
to be agriculture (denoted by a) that uses only low-skilled labor (Caselli and Coleman,
2001; Gollin et al., 2014). The other sector is non-agriculture (denoted by b) that uses
only high-skilled labor. Individuals are distinguished by their skill level (denoted by s for
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high-skilled and u for low-skilled). The low substitutability assumption between the two
types of goods allows labor to reallocate towards the more impacted sector and region
where the demand is higher. The population projection under the SSP2 scenario is then
used to calibrate the model.

Individuals live for two periods and can be either high-skilled (s) or low-skilled (u).
The decision about the skill level of the children is made by their parents in order to
maximize the utility function that reflects consumption of goods and altruistic benefits
from the future wages of the children (Becker and Barro, 1988). Parents will provide
different skill levels to their children in order to make them suitable for higher wages in
the future.

In the first period of their lives, they are children who only consume parental time
(Galor, 2011). In the model, a child of type j consumes τ j units of parental time. In
the second period of their life, they will be assigned to each of the two sectors based
on their skill level. As adults, they work, consume goods, and have children for the next
period of their life. The objective of each individual is tomaximize lifetime utility of con-
sumption and their children’s future well-being by making consumption and fertility
decisions. Providing different skill levels for children is considered a child-rearing cost
that consumes parental time. The child-rearing costs for raising low-skilled and high-
skilled children are different and they depend on the skill level provided. Although the
model can be solved to yield the optimal fertility decision in addition to skill levels of the
children, we only focus on the skill optimization part of the model and do not allow for
fertility to be a decision variable. Instead, the model is calibrated to reflect the projection
of adult population growth and skill ratio under the middle-of-the-road SSP2 scenario.

3.1. Utility maximization
The utility function comprises the immediate consumption of the adults and the future
wages of their children based on their skill level and supply under different climate
projections. This captures the altruistic attitude of parents;

v(ct , nst , n
u
t ) = (1 − γ ) ln(ct) + γ ln

⎛
⎝∑

j=s,u
njtd

j
t+1w

j
t+1

⎞
⎠ , (4)

where njt is the number of children with skill level j, and ct is consumption of a bundle
of agricultural and non-agricultural goods. The variable wj

t+1 is the future wages of chil-
dren of type j and djt+1 is the future supply of the children under projected climate change
impacts. Variable djt+1 ranges from 0 to 100 per cent and reflects the change in labor sup-
ply due to climate change. We use the empirical equation (3) in section 2 to estimate the
loss in labor supply due to increase in mean temperature. In other words, variable dj is
the normalized form of variable LSit . When temperature is at its optimal point, the loss
in labor supply is zero (i.e., djt+1 = 1) and the labor force will be fully accounted for in the
production function. However, any deviation from the optimal temperature will result
in djt+1 < 1 and therefore only a fraction of labor will contribute to economic produc-
tion.We assume that parents’ wages are spent either on raising children or consumption
of goods and therefore, there is no saving in the model. This is particularly true for rural
areas of Uganda with subsistence farming. The price index of the consumption compos-
ite is normalised to one. Thus, the budget constraint corresponding to equation (4) for
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every adult is given by:

ct =
⎛
⎝1 −

∑
j=s,u

τ jnjt

⎞
⎠wt . (5)

The maximization of (4) subject to (5) yields:

ct = (1 − γ )wt∑
j=s,u

τ jnjt = γ . (6)

Equation (6) encapsulates the quantity-quality trade-off. Because of τ s > τu and the total
time devoted to raising children (γ ) is fixed, individuals must decide between investing
in a smaller number of children but with higher skills and higher potential income and
having a greater number of total children with lower skills and lower potential income.
This equation also shows that only the parents’ consumption level is dependent on their
wages and the number and skill level of the children are independent of the level of their
parents’ wages. For individuals to have both types of children, it must be:

dst+1w
s
t+1

dut+1w
u
t+1

= τ s

τu
= τ r . (7)

This equation shows that the future wages of children when they enter the labor mar-
ket in their adulthood is a reflection of the time their parents spent on raising them. In
the absence of climate change impacts on labor supply (i.e., dt+1 = 0), the wage ratio
remains constant and equal to the ratio of child-rearing costs.

3.2. Consumption
The level of utility for the labor of skill level j is a constant elasticity of substitution (CES)
function given by2 :

cj = {α · δ(cja)(ε−1)/ε + (1 − α · δ)(cjb)
(ε−1)/ε}ε/(ε−1), (8)

where ε is the elasticity of substitution, ca is consumption of the agricultural good, cb
is consumption of the non-agricultural good, and δ is the food consumption factor
that reflects the change in food consumption due to the changes in temperature. We
use the empirical equation (2) in section 2 to estimate the change in food consump-
tion due to increase in mean temperature. In other words, variable δ is the normalized
form of variable Cit . Together, α · δ represents the share of agricultural good in the
composite good. Variable δ demonstrates how the share of agricultural good (i.e., food
consumption) changes from the baseline food consumption in year 2000 due to climate
change. The food consumption at each time step is estimated by equation (2) given the
temperature in that time. As ε approaches zero, consumers get less satisfaction from
substituting non-agricultural goods for agricultural goods. In the limit, there is no sub-
stitution and the goods are consumed in fixed proportions. The consumer optimization

2The time subscripts in this equation and the ones that follow are suppressed for convenience.
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problem conditioned on the budget constraint can be formulated using the Lagrangian
multiplier λ,

Max{cj − λ(pac
j
a + pbc

j
b − (1 − γ )wj)}, (9)

where pb and pa are the prices of non-agricultural and agricultural goods, respectively.
The solution to this optimization problem provides a relationship between these prices:

pr = pb
pa

=
(
1 − αδ

αδ

)( cjb
cja

)−1/ε

. (10)

3.3. Production
The linear production function employed captures the fact that agricultural production
is relatively less skill-intensive (Caselli and Coleman, 2001; Gollin et al., 2014). In this
respect, this model can therefore be seen as a simplified version of the sectoral migration
model of di Giovanni et al. (2015). Specifically,

Ya = DaAaLu, (11)

Yb = DbAbLs, (12)

whereYa andYb are outputs in the agricultural and non-agricultural sectors respectively.
Lj is the available laborwith skill level j after considering climate impacts on labor supply.
Total factor productivity (TFP) in sectorκ is defined asAκ , andDκ is the climate impact
function for sector κ at temperature T.

TFP evolves exogenously according to following equations:

Aκ,t = (1 + gκ)Aκ,t−1, κ = a, b. (13)

The gross number of laborers with skill level j will be:

L̂jt+1 = Ntn
j
t , (14)

where Nt is the adult population at time t. The net number of laborers with skill level
jwill be calculated by taking into account the impacts of climate change on labor supply:

Ljt+1 = L̂jt+1d
j
t+1. (15)

Wages can be calculated by taking the derivative of equations (11) and (12):

wu
a = paDaAa (16)

ws
b = pbDbAb. (17)

This will immediately give

ws
b

wu
b

=
(
pb
pa

)(
Db

Da

)(
Ab

Aa

)
. (18)

This equation can be rearranged to get

pr = pb
pa

= τ r(dr)−1(Dr)−1(Ar)−1, (19)
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Figure 1. Impact function for the agricultural and manufacturing sectors (sectoral efficiency for different
temperatures) based on Desmet and Rossi-Hansberg (2015).

where Dr = Db/Da and Ar = Ab/Aa are relative productivity and relative TFP in the
non-agricultural sector compared to the agricultural sector, and dr = ds/du is the
relative supply of high-skilled to low-skilled labor.

The consumption of good type κ by adults of each skill level is calculated by solving
a system of equations: ⎧⎪⎨

⎪⎩
cu
κ

· Lu + cs
κ

· Ls = Yκ

cs
κ

cu
κ

= ws

wu = τ r

dr
,

which gives us:

cu
κ

= Yκ

Lsτ r/dr + Lu
, cs

κ
= cu

κ
τ r

dr
. (20)

3.4. Climate change impacts
To analyze the effect of carbon concentrations in the presentmodel, the projections from
four RCPs are combined to obtain the average annual temperature of Uganda in the
21st century. There are three forms of climate change impacts represented in the present
model.

First, the sector-specific impact function can be obtained from Desmet and Rossi-
Hansberg (2015) as:

Dκ = max{gκ,0 + gκ,1T + gk,2T2,Dmin
κ

}, κ = a, b, (21)

where gb,0 = 0.3, gb,1 = 0.08, gb,2 = −0.0023, ga,0 = −2.24, ga,1 = 0.308, and ga,2 =
−0.0073. The constant Dmin

κ
guarantees the minimum level of economic output at very

high climate impacts. For the present analysis the main assumption is thatDmin
κ

= 10%.
The impact function thus has the shape of a quadratic function with an optimal temper-
ature between 17.4°C (non-agriculture) and 21.1°C (agriculture), and with a maximum
productivity loss of 90 per cent. The shape of this function is depicted in figure 1.
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Second, low-skilled labor supply is also affected by temperature. The econometric
analysis is used to obtain themarginal impacts of climate change on labor supply (param-
eter djt+1 in equation (4)). Finally, as food consumption can change as a result of climate
change, the final empirical results are used to obtain the marginal impacts of climate
change on agricultural consumption (parameter δ in equation (8)).

3.5. Equilibrium
Combining equations (10) and (19), we can calculate the optimal ratio of high-skilled to
low-skilled labor. We use the fact that total consumption of each type of good is equal to
the production of that good. Therefore, starting from equation (10) we have:

pr =
(
1 − αδ

αδ

)( cjb
cja

)−1/ε

pr =
(
1 − αδ

αδ

)(Yj
b

Yj
a

)−1/ε

pr =
(
1 − αδ

αδ

)(
Dr · Ar · L̂

s

L̂u
· dr
)−1/ε

.

If we combine this with equation (19), we get:

τ r
(
dr
)−1 (Dr)−1 (Ar)−1 =

(
1 − αδ

αδ

)(
Dr · Ar · L̂

s

L̂u
· dr
)−1/ε

.

Rearranging this equation will give us:

ln

(
L̂s

L̂u

)
= ε ln

(
1 − αδ

αδ

)
− ε ln(τ r)

− (1 − ε)[ln(dr) + ln(Dr) + ln(Ar)]. (22)

At each time period the population of adults is given from the SSP2 projection data:

L̂st+1 + L̂ut+1 = L̂t+1. (23)

Using equations (22) and (23), it is possible to calculate the number of children with
each skill level given the future climate and population growth trajectories. This equation
allows us to investigate the role of climate change in altering human capital accumula-
tion in the long term. If an increase in temperature negatively affects the agricultural
sector more than the non-agricultural sector, then the ratio Dr is increasing in temper-
ature. Similarly, if low-skilled labor is more affected by the rise in temperatures than
high-skilled labor, the supply ratio dr is increasing in temperature. If ε < 1 (i.e., the sub-
stitution between goods is sufficiently low), then both factorswill contribute to a decrease
in the relative wages of high-skilled individuals. This raises the relative return to working
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in agriculture, causing parents to have relativelymore low-skilled children. The third fac-
tor, the impacts of temperature on food consumption, is captured by parameter δ which
has a non-linear behavior in temperature. Therefore, it can either amplify the impacts of
climate change in lowering the skill ratio or counteract it and help reduce the impact of
climate change on the skill ratio.

4. Data description
The empirical analysis uses a micro data dataset from the World Bank Living Standards
Measurement Study - Integrated Surveys on Agriculture (LSMS-ISA). This is a longitu-
dinal dataset on Ugandan rural households. Although it is designed mainly to address
agricultural issues, the stratification by urban/rural and district ensures their appropri-
ate representativeness. This is a nationally representative dataset, collected annually and
conducted in two visits with the purpose of better capturing agricultural outcomes from
the two cropping seasons of the country. It provides detailed information on household
and individual demographic characteristics, local market structure, agricultural produc-
tion, off-farm income and other sources of income. The data also includes idiosyncratic
shocks and variables strictly related to labor supply, food security and nutrition from
three waves conducted in 2009–2010, 2010–2011 and 2011–2012.

In the following analysis, two dependent variables are considered: labor supply and
calorie intake. Labor supply is constructed based on the question of ‘how many hours
the household member worked during the last week’. That is, it measures actual hours
worked and can be interpreted as the equilibrium in the labor market, given that we
do not have specific data on labor supply and demand. Furthermore, given the large
share (around two-thirds) of the informal sector in Uganda, we assume that labor supply
decision is measuringmostly labor supply and hours worked decided by each household
member rather than the (formal) labor market.

Calories are not directly reported in the LSMS-ISA forUganda but can be constructed
by using the information recorded on food consumption in the household questionnaire.
More specifically, each household head responding to the interviewer provides infor-
mation on the food purchased, home-produced or received as a gift and consumed in
the last seven days by the household. In order to do so, a detailed and extensive list of
food (pulses, fruit, vegetables, cereals, fish, meat and animal products) and beverages is
included in the questionnaire each year. The respondents are asked whether or not their
household consumed that specific food item, for how many days in the last week and
the quantity consumed. Similar to survey data from other developing countries, Uganda
provides information on food quantities in terms of non-standard units ofmeasures.We
converted the local units of measures into kilograms using the conversion table provided
by theWorld Bank (Oseni et al., 2017) for the Uganda LSMS-ISA survey (Carletto et al.,
2013). Since not all the food item measurements could be converted in kilograms, some
of them were replaced by values reported by the farmers. Where both forms of informa-
tion are missing, manual imputations were made from the abovementioned study. As
mentioned above, calories are not collected in LSMS ISA surveys, therefore calorie tables
have been built based on the Uganda LSMS-ISA survey data 2005–2006 (Harttgen and
Klasen, 2012). The decomposition of calorie consumption across food items (figure 2)
shows that more than half of the calorie intake comes from six main stable crops.

Calorie intake is weighted according to an adult-equivalent scale for calorie require-
ments. Weekly individual calorie intake is obtained by weighting the weekly household
calorie intake by 14 different coefficients depending on the sex and age of each individual
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Figure 2. Composition of average calorie intake per capita by major food item in Uganda between 2009
and 2011.

(Claro et al., 2010). Finally, individual daily calorie intake is computed by dividing the
weekly variable by seven.3 The maps in figure 3 show the spatial distribution of calorie
intake across Uganda over time and suggest a substantial variation in both dimensions.

The estimated values are consistent with those presented in the work by Ssewanyana
and Kasirye (2010). Following Dell et al. (2014), we distinguish between weather and
climate shocks, where climate describes the distribution of outcomes whichmay be sum-
marized by averages over several decades (long periods of time), while weather refers to
a particular realization from that distribution. The advantage of using climate/weather
variables, as noted byAngrist andKrueger (2001), is that they are exogenous and random
in most economic applications. In particular, this paper distinguishes between contem-
poraneous weather (based on the condition in the week of the interview) and medium-
and long-termmeasures commonly used to evaluate conditions relevant for agricultural
yields and other outcomes.

Climatic data come from the Global Land Data Assimilation System (GLDAS) v2.1.
This is a global gridded reanalysis dataset (Rodell et al., 2004) with a spatial resolution
of 0.25◦ × 0.25◦ and 3-hourly temporal resolution. Along with weekly mean tempera-
ture and total precipitation, the analysis includes the 6-month SPI and the WSDI. The
indices were obtained and extracted for Uganda from the dataset of climate extreme

3The procedure was conducted as follows. The sample was divided into female and male individuals.
Each individual has been assigned a weight to the amount of calories consumed, based on their age and sex
(Claro et al., 2010). Children of both sexes were weighted 0.51, 0.71 or 0.78, depending on their age group
(0–3, 4–6, 7–10).Men belonging to age groups 11–14, 15–18, 19–24, 25–50, and 51 onward received weights
of 0.98, 1.18, 1.14, 1.14, and 0.90, respectively. Women were assigned a weight of 0.86 in all the age groups
except the oldest ones in the household, who were assigned a weight of 0.75. The total weighted calories
is then computed as the ratio between total calories and the weights. To obtain individual daily calories,
weekly weighted calories are divided by seven.
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Figure 3. Average daily calorie intake per capita by regions in Uganda between 2009 and 2011. (a) 2009, (b) 2010
and (c) 2011.
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Table 1. Summary statistics

Mean Std.Dev. N.Obs.

Hours worked/week 16.07 14.91 16,045

Female 0.52 0.50 16,045

Education 4.33 3.58 14,793

Married 0.45 0.50 16,045

Log total income 14.10 1.09 15,517

Precipitation 166.27 161.73 16,045

Temperature 21.34 2.51 16,045

Log of calorie intake 9.58 0.87 16,045

WSDI 1.61 3.58 16,045

SPI-6 0.01 0.10 16,045

indices documented in Mistry (2019a, 2019b). The six-month SPI is based on the prob-
ability of precipitation for any time scale and the calculation is based on the long-term
precipitation. The long-term record is then fitted to a probability distribution, which
is then transformed into a normal distribution (Edwards and McKee, 1997). The six-
month SPI is an indicator of seasonal to medium-term trends in precipitation (World
Meteorological Organization (WMO), 2012) and a comparison of precipitation for a
specific six-month period to the precipitation totals for the same six-month period for
the period 1970–2016. The frequency of the 6-month SPI below the threshold of−1.5 in
a given year is computed to obtain an indicator of medium-term drought. The WSDI is
the annual count of days with at least six consecutive days when the daily maximum is
above the 90th percentile. Table 1 shows the summary statistics of the variables used in
the analysis.

5. Empirical results
Empirical findings show that the weekly labor supply is maximized at Topt = 21.3◦C
and that the labor supply is non-linear and concave in weekly mean temperature
(figure 4). These results suggest that while the low-skilled labor supply increases with
initial increases in weekly mean temperature, beyond this threshold, any increments in
temperature result in a negative impact on the number of hours worked. Food consump-
tion, as expected, has a positive and strong impact on labor supply, indicating that a 10
per cent increase (column 2 in table 2) in calorie intake leads to an increase of about
0.86 h worked per week.

In the main specification of the regression model used in this paper, the coeffi-
cients of both the instrumental variables are negative, suggesting that bothmedium- and
long-term climatic stressors have negative impacts on calorie consumption channeled
through agricultural production.We find that the under-identification test (Kleibergen-
Paap rk LM statistic) is rejected while the Hansen test based on the J-statistic (over-
identification test of all instruments) cannot be rejected, suggesting that the instruments
used are valid. Table 2 shows the estimation results of the main specification alongside
the simple (biased) OLS estimation of labor supply.
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Optimal Temperature: 21.3°C
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Figure 4. Non-linear relationship between mean weekly temperature and weekly labor supply (dark navy line)
for the low-skilled sector with 95 per cent confidence interval (light blue spikes). Instrumental variable regression
with six-month SPI and WSDI as instruments. Specification controls for gender, number of years of education,
marital status, total household income, total weekly precipitation, and a year-week interaction-term. αi and γt
are household and wave fixed-effects, respectively.
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Figure 5. Non-linear relationship between mean weekly temperature and weekly calorie intake (dark navy line)
for the low-skilled sector with 95 per cent confidence interval (light blue spikes). First-stage of the instrumental
variable regression instrumented by six-month SPI and WSDI. Specification controls for gender, number of years
of education, marital status, total household income, total weekly precipitation, and a year-week interaction-
term. αi and γt are household and wave fixed-effects, respectively.

Interestingly, mean weekly temperature has a ∪-shaped relationship with weekly
calorie intake (figure 5). This indicates that food intake is lowest at intermediate tempera-
tures, while both relatively low aswell as high temperatures lead to a higher calorie intake.
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Table 2. Main regression results

2SLS
First stage Second stage OLS

Dependent Variable Calorie cons. Hours worked Hours worked

Calorie consumption 8.551** −0.233
(0.015) (0.284)

Female 0.005 −1.514*** −1.477***
(0.738) (0.000) (0.000)

Education 0.001 0.508*** 0.513***
(0.792) (0.000) (0.000)

Married 0.002 9.324*** 9.348***
(0.881) (0.000) (0.000)

Log of household income 0.092*** −1.191*** −0.448*
(0.000) (0.002) (0.036)

Total precipitation 0.000 0.001 0.001
(0.720) (0.551) (0.462)

Mean temperature −0.163** 2.614** 1.241
(0.003) (0.047) (0.306)

Mean temperature squared 0.004** −0.061** −0.029
(0.002) (0.040) (0.286)

WSDI −0.016***
(0.000)

SPI-6 −0.135***
(0.000)

Observations 14,308 14,308 14,308

Log-likelihood −55,440.4 −98,720.8
Notes: Robust p-values in parentheses, ***p < 0.01, **p < 0.05, *p < 0.10.

This is in line with findings from the medical literature stating that energy requirements
are lowest at intermediate temperatures while relatively cold and hot temperatures lead
to a higher energy requirement (Brobeck, 1948; Davis, 1964; National Research Council
(US) Committee on Diet and Health, 1989; Westerter, 2017).

It is worth noting that the estimation is based on the individual level but includes
household characteristics of individuals in each household. For instance, the variable
Married takes the value of one if the household head ismarried. The fact that this variable
has a positive impact on labor supply can be interpreted as follows. In developing coun-
tries, married individuals as compared to single ones havemore incentive to work longer
hours to support their children and relatives. As argued by Baah-Boatenga et al. (2013)
for Ghana, the willingness of married individuals, especially women, to participate in the
labor force is due to the need for household food and health security.

Comparing the results with the OLS estimation reported in the third column of
table 2, significant differences are noted, as expected. While most of the control vari-
ables show similar coefficients, the effect of calorie consumption becomes insignificant.
The same holds for the climatic variables, which no longer show any significant impact
on labor supply. These results indicate that endogeneity of food supply is indeed substan-
tial and appropriately controlling for it provides consistent estimates of the true effect of
climatic variables and food consumption on labor supply.
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Moreover, both the direct and indirect effects can be imputed by comparing the esti-
mations; there is evidence of a∩-shaped impact of ambient temperature on labor supply
with an optimal intermediate temperature of around 21°C, while at the same time ambi-
ent temperature of the intermediate range implies lowest calorie needs whereas more
extreme temperatures require higher calorie intake to maintain a constant body temper-
ature. Secondly, food intake is also affected by the climate through long-termmeasures of
climate in the past season significantly affecting crop yields. These exogenous factors on
current labor supply allow us to identify the effect of food consumption on labor supply,
which has a strong and significant impact. In a simple OLS regression, this effect along
with the impact of contemporary weather disappears, implying that using this particular
method would lead to highly biased results of the underlying indirect effects.

6. Simulation results
In this section, we present the results of the OLG model. The findings are based on
the calibration of the economic model to replicate the population and human capi-
tal accumulation projections under the SSP2 scenario. The SSP2 scenario assumes a
moderate economic growth with medium changes in socioeconomic variables. Figure 6
demonstrates some socioeconomic dimensions of this scenario. Furthermore, four RCP
projections of temperature have been taken into consideration, each representing a
distinct global climate policy. The lowest RCP scenario (RCP2.6) represents a stringent
policy that significantly limits the level of carbon concentration and future temperature
rises. The average temperature starts from 23.2°C in year 2000 and reaches about 24°C
under RCP2.6 and 26°C under RCP8.5 (see panel (a) in figure 6). Under the SSP2 sce-
nario, the adult population in Uganda peaks at about 72.8 million around 2080 and then
stabilizes at that level for the rest of the century (see panel (b) in figure 6).

In order to capture the full impact of temperature rise on different economic aspects
of household in Uganda, four scenarios are developed. Scenario 1 only examines the
impacts of temperature rise on economic output (equations (11) and (12)). On the other
hand, scenario 2 is only concerned with the impacts of temperature on labor supply
(equation (15)) while scenario 3 investigates the effect of temperature rise on food con-
sumption (equation (8)). Finally in scenario 4, all the impacts of temperature rise are
combined on different socioeconomic indicators. Each scenario is then compared with
the baseline scenario where temperatures are assumed to be constant for the future.

Figure 7 demonstrates the change from the baseline case under different scenar-
ios. The results of each scenario are presented in a corresponding row. The top row
demonstrates the values in the baseline case without climate change. In this case, the
productivity of non-agricultural sector is about 0.94 of the productivity of the agricul-
tural sector, and both high-skilled and low-skilled labor have similar availability. The
ratio of non-agricultural goods to agricultural goods (i.e., food) increase from 0.2 in the
year 2000 to 3.7 by the end of the century.

The second row in figure 7 shows the results for scenario 1 where temperature
increases raise the relative productivity of non-agriculture to agriculture under all RCPs.
For example, under RCP4.5, the relative productivity of non-agriculture to agriculture
increases by 2.5 per cent by the end of the century. By definition, in this scenario we
only consider the sectoral impact of climate change and will assume that the ratio of
labor supply remains unchanged. Therefore, a decline in productivity of the agricul-
tural to the non-agricultural sector increases food prices and reduces non-agricultural
to agricultural good consumption by about 0.6 per cent under RCP4.5 in the year 2100.
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Figure 6. The climate and socioeconomic projections for Uganda under the SSP2 scenario with four RCP pro-
jections. (a) Average temperature, and (b) Adult population from the Wittgenstein Centre projections (Lutz et al.,
2014).

The third row in figure 7 shows the results for scenario 2 where future increase in
mean temperature in Uganda increases the relative supply of high-skilled to low-skilled
labor under all RCPs. For example, under RCP6.0, the relative supply of high-skilled to
low-skilled labor increases by 6.5 per cent by the end of the century. In this case, the
ratio of non-agricultural to agricultural productivity remains unchanged. Similar to the
previous case, a reduction in agricultural output induces higher food prices and reduces
non-agricultural to agricultural good consumption by about 1.6 per cent under RCP6.0
in the year 2100.

The fourth row in figure 7 shows the results for scenario 3 where future increase
in mean temperature in Uganda increases food consumption under all RCPs. For
example, under RCP8.5, food consumption increases by 10 per cent by the end of the
century, due to the increased energy demand to maintain thermoregulation at higher
temperatures.
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Figure 7. Four climate change impact scenarios. The left column indicates the change in relative productivity
of the non-agricultural sector to the agricultural sector. The middle column shows the change in relative supply
of high-skilled to low-skilled labor. The right column demonstrates the ratio of non-agricultural to agricultural
consumption. All graphs represent percentage change relative to the baseline scenario without climate change.

The bottom row in figure 7 shows the results for scenario 4 where future increase in
mean temperature in Uganda increases relative productivity of non-agriculture to agri-
culture, relative supply of high-skilled to low-skilled labor, and food consumption under
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all RCPs. The results of this case are the combination of the results of the previous three
cases.

Given this set of scenarios and their impact on economic indicators in figure 7, it
is now possible to examine a broader impact of climate change on key socioeconomic
indicators under each scenario as presented in figure 8. The results of each scenario are
presented in a corresponding row. The top row demonstrates the values in the baseline
case without climate change. In this case the ratio of high-skilled to low-skilled labor
grows and reaches 1.2 while the wage ratio stays at the initial value of about 3, and the
output per adult grows slowly until mid-century and then grows rapidly to reach its
maximum by 2100.

The second row in figure 8 shows the results for scenario 1 where temperature rise
induces a larger economic impact on the productivity of the agricultural sector. This
creates a modest demand for low-skilled labor and lowers the relative skill ratio. For
example, under RCP4.5, the ratio of high-skilled to low-skilled labor decreases by 0.6 per
cent by the end of the century. The relative supply of high-skilled to low-skilled labor
is fixed in this scenario. This keeps the wage ratio of high-skilled to low-skilled labor
unchanged in this scenario as explained in equation (7). However, the overall impact
of climate change on output per adult is relatively high in this scenario. Under RCP4.5,
output per adult decreases by 7.2 per cent by the end of the century.

The third row in figure 8 shows the results for scenario 2 where temperature rise
induces a larger impact on the supply of low-skilled labor. Similar to scenario 1, this
creates a modest demand for low-skilled labor and lowers the relative skill ratio. For
example, under RCP4.5, the ratio of high-skilled to low-skilled labor decreases by 1.1
per cent by the end of the century. The change in relative supply of high-skilled to
low-skilled labor also affects the wage ratio of high-skilled to low-skilled labor in this
scenario. Under RCP4.5 the wage ratio drops by 4.2 per cent by the end of the century.
As a result, the overall impact of climate change on output per adult is relatively low in
this scenario. Under RCP4.5, output per adult decreases by 2.1 per cent by the end of the
century.

The fourth row in figure 8 shows the results for scenario 3 where temperature rise
induces an increase in food consumption. In this model, an increase in food consump-
tion induces an increase in demand for low-skilled labor in the agricultural sector.
For example, under RCP4.5, the ratio of high-skilled to low-skilled labor decreases by
4.1 per cent by the end of the century. However, because the relative supply of high-
skilled to low-skilled labor remains unchanged in this scenario, the relative wage ratio of
high-skilled to low-skilled labor does not change. As a result, the overall impact of cli-
mate change on output per adult is rather negligible in this scenario. Under RCP4.5,
after a slight decline, the output per adult increases by 1 per cent by the end of the
century.

Finally, in the bottom row in figure 8, the results of scenario 4 are shown where
temperature rise induces an increase in relative productivity of non-agriculture to agri-
culture, an increase in relative supply of high-skilled to low-skilled labor, and an increase
in food consumption under all RCPs, similar to previous scenarios. The net effect as
shown here is a drop in the ratio of high-skilled to low-skilled labor. For example, under
RCP4.5, the ratio of high-skilled to low-skilled labor decreases by 5.7 per cent by the
end of the century. An increase in relative supply of high-skilled to low-skilled labor also
reduces the wage ratio of high-skilled to low-skilled labor by 4.2 per cent under RCP4.5
projections. Such a drop in relative wages has an overall negative impact on the welfare,
reducing output per adult by 8.2 per cent in RCP4.5 by the end of the century.
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Figure 8. The impacts of climate change on socioeconomic indicators under each scenario. The left column indi-
cates the change in ratio of high-skilled to low-skilled labor. The middle column shows the change in relative
wages of high-skilled to low-skilled labor. The right column demonstrates the overall change in output per adult.
All graphs represent percentage change relative to the baseline scenario without climate change.

The empirical evidence showing the relationship between temperature rise and labor
supply and food consumption is subject to uncertainties. Based on the joint distribution
of the empirical estimates, figure 9 shows the results under RCP4.5 with its 95 per cent
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Figure 9. The 95 per cent confidence intervals based on the regression coefficients (shaded area) for the RCP4.5
scenario (dotted line).

confidence intervals. This uncertainty regarding the impact on labor supply and food
consumption shows that the differences across scenarios are significantly different from
zero in the model simulations also.

7. Conclusion
In this paper, the impact of climate change on labor supply through variation in food
consumption is investigated in the Ugandan framework. Empirical results show that
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weekly labor supply is maximized at a mean temperature of 21.3°C; however, beyond
this threshold, any increase in temperature leads to a decline in the number of hours
worked. Results also suggest that a 10 per cent increase in calorie consumption leads to
an increase in labor supply of about 0.86 h per week; however, calorie intake is relatively
higher in the extreme ranges of temperature. In particular it is possible to distinguish
a ∩-shaped effect of mean temperature on labor supply, while calorie intake shows a
∪-shaped form.

Using anOLGmodel, the long-term impacts of future climate change are projected on
food consumption, human capital development and social welfare. Our results show that
by the end of the century, and under an unmitigated climate change (RCP8.5) scenario,
relative productivity of the agricultural sector to the non-agricultural sector decreases
by approximately 10 per cent, the supply of low-skilled to high-skilled labor drops by 12
per cent, and the relative consumption of food to non-agricultural goods increases by
approximately 15 per cent. The long-term implications of such changes in labor markets
will be a strong incentive for parents to have low-skilled children who can compensate
for the loss in the agricultural sector and earn higherwages due to the increase in demand
for agricultural products. Therefore, by 2100 the relative population of low-skilled labor
compared to high-skilled labor increases by 15 per cent and the wage ratio of these two
groups of labor drops by 11 per cent. However, an increase in number of low-skilled
laborers coupled with climate change impacts on sectoral productivity and labor supply
leads to a significant drop in total economic output and reduces output per adult by 20
per cent in the last part of the century.

The analysis sheds light on an important but understudied linkage between climate
change and labor productivity through food consumption. This is particularly impor-
tant when considering the broader impact of climate change on growing staple crops in
developing countries, which will impact food availability, food access and overall food
security in these countries (FAO, IFAD, UNICEF, WFP andWHO, 2018). Food insecu-
rity not only reduces the supply of productive workforce members but also increases the
risk of stunting in children with long-term consequences into adulthood (Phalkey et al.,
2015). Rural householdswill require a variety of adaptation strategies tomitigate the neg-
ative impacts and to maintain their livelihoods. Policy makers should encourage the use
of specific adaptation strategies such as changing the timing of planting, use of heat and
drought resistant varieties, practicing conservation techniques, fertilizer use, irrigation,
and crop and income diversification strategies (Ibrahim and Alex, 2008; Bezabih and
Sarr, 2012; Gao and Mills, 2018). In carrying out the econometrics and following OLG
studies, this research intends to pave the way for more thorough analysis of long-term
impacts of climate change on public health and the labor market. Although the present
analysis does not take into account the impacts of climate change on food quality, it is
still reasonable to expect that changes in climatic patterns will have a negative impact on
nutrients in Uganda over time, which would be an interesting but more importantly an
useful analysis to develop.
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