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ABSTRACT

We study the impact of same-day heat on productivity and labor responses among smallholder farmers
who have been contracted to grow cucumbers for an agricultural season. Harvesting is labor intensive
and conducted outdoors, leaving workers exposed to heat stress under high temperatures. Using
high-frequency administrative data matched to hourly weather records across dozens of villages and
hundreds of farmers, we estimate the relationship between same-day temperatures and daily yields
as well as earnings, and examine the mediating role of labor. We document a drop-off pattern in the
contemporaneous temperature–yield relationship: yields are flat up to 33°C but decline beyond this
threshold. On average, on days hotter than 33°C, farmers have 16% lower yields and earnings. We
find supportive evidence that labor constraints underlie this heat penalty.
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1. INTRODUCTION

A large cross-disciplinary literature documents that high temperatures reduce agricultural productiv-
ity. Across agricultural science, climate research, and economics, studies shows pronounced yield
losses at high temperatures (e.g., Lobell et al., 2011; Ortiz-Bobea, 2021; Zhu et al., 2022; Rezaei et
al., 2023; Hultgren et al., 2025; Schlenker and Roberts, 2009; Burke et al., 2015; Kahn et al., 2021).
This pattern is typically documented using seasonal or annual outcomes and long panels of aggregate
data, which necessarily average over short-run temperature shocks. As a result, existing evidence is
well suited to identifying cumulative heat effects over the crop lifecycle, but less informative about
whether extreme heat imposes economically meaningful constraints at the same-day horizon.

This is material in smallholder farms, which support the livelihoods of roughly 2.5 billion people
in 500 million households globally (Lowder et al., 2021). These farms are concentrated in tropical
countries, which have been disproportionately affected by rising temperatures. Their labor-intensive,
outdoor production systems leave them directly exposed to ambient heat on a daily basis, often
with limited scope for short-run adaptation (ILO, 2019; IPCC, 2022; WHO and WMO, 2025). We
know that the human body responds quickly to heat stress; see Section 2. Yet we lack evidence on
whether daily heat exposure translates into contemporaneous reductions in smallholder productivity
and earnings. This matters for the design of effective adaptation strategies.

This paper investigates same-day effects of heat on productivity and earnings in smallholder agricul-
ture. Using high-frequency administrative data from hundreds of contract cucumber farmers in India
matched to hourly weather records, we examine how daily heat exposure during harvest is associated
with yields, earnings, and harvesting behavior. Harvesting is labor intensive and physically arduous,
requiring near-daily hand-harvesting during daylight hours in direct sunlight over a concentrated
harvesting period, making same-day heat exposure a potentially important constraint on productivity.
The farm–day structure of the data allows us to isolate contemporaneous temperature shocks while
flexibly controlling for cumulative past heat exposure and crop lifecycle dynamics. The magnitude
and timing of the effects we document show that same-day heat exposure reduces smallholder yields
and crop earnings by 16%. We argue that the patterns are consistent with short-run labor constraints
playing a central role in shaping these contemporaneous productivity losses.

We study contract cucumber farming for the pickling export market in India. A single firm contracts
smallholder farmers to grow cucumbers on a small plot within their farms for one crop season. It pro-
vides standardized inputs at cost, and purchases harvested cucumbers at contractually predetermined
piece rates. Harvests occur near-daily during the harvest period, and farmers are paid based on end-
of-day delivered output. This structure generates high-frequency administrative records of yields and
earnings at the farm–day level, allowing daily productivity outcomes to be linked directly to realized
heat exposure during harvesting. The institutional setting is particularly well suited to distinguishing
contemporaneous labor responses from plant-level biological processes, as fruit weight at harvest
reflects cumulative growth prior to picking, while day-to-day variation in recorded output during the
harvest window is more closely linked to harvesting effort than contemporaneous plant growth.

Our analysis exploits day-to-day variation in temperature during the harvest season, using repeated
observations of output and earnings for the same farmer. We outline a conceptual framework, which
is grounded in science-based knowledge of physiological responses to same-day heat in humans and
plants: same-day heat increases labor effort costs, but does not affect the amount of harvest-ready fruit
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on the plant. The model predicts that productivity falls on hot days, operating through the intensive
effort margin, and extensive (binary) labor supply margin.

We test this in the data. To capture same-day effects, we estimate specifications that compare a
farmer’s productivity on hotter versus cooler days within the same season, controlling for farm
fixed effects, crop-week fixed effects, calendar-week fixed effects, and flexible controls for lagged
heat exposure. This approach isolates short-run associations between same-day heat exposure and
productivity without relying on comparisons across farms, locations, crop stages, or seasons.

We find a drop-off pattern in the heat-productivity relationship: productivity is largely unchanged
at moderate temperatures but declines on hot days. When same-day daytime temperatures exceed
33°C, farmers’ daily high-quality yields fall by approximately 9.6 kg, a reduction of about 16 percent
relative to cooler days, with proportionate declines in earnings. These losses increase with the
duration of exposure: each additional hour of extreme heat during the workday further reduces yields
and earnings.

Examining labor responses, we find that hot days reduce both the likelihood that harvesting takes
place, and output conditional on harvesting. Specifically, temperatures above 33°C reduce the
probability that harvesting occurs by about 5.5 percentage points (7.4 percent), and reduce yields
conditional on harvesting by about 8.3 kg (10 percent), with proportional declines in earnings.
The former, extensive margin, accounts for about one-third of overall productivity decline and the
intensive margin for the remaining two-thirds. We find little evidence of systematic postponement. or
anticipation of harvests across adjacent days. Taken together, the same-day timing of these effects and
the presence of behavioral responses substantially narrow the set of plausible explanations, pointing
to labor constraints as a central driver of short-run productivity losses rather than cumulative plant
stress. This is buttressed by heterogeneity analysis, which suggests that older age and labor scarcity
mediate a sizable share of the negative heat effects.

Our findings highlight that heat exposure can constrain agricultural productivity over very short
horizons, which may shape the scope for adaptation in labor intensive smallholder farming.

Related Literature. This paper contributes to a large literature studying the relationship between
temperature and productivity. At the macro level, economists have documented a systematic negative
relationship between high temperatures and aggregate economic productivity, using country- or
region-level panels (Burke et al., 2015; Dell et al., 2012; Kahn et al., 2021). A related literature
focuses on agricultural production, documenting nonlinear temperature responses for crop yields
using seasonal or annual data at a regional or national level, for crops with one season-end harvest
(Schlenker and Roberts, 2009; Lobell et al., 2011; Agnolucci et al., 2020; Rezaei et al., 2023; Hultgren
et al., 2025; Ortiz-Bobea, 2021). We complement this work by estimating within-season, same-day
heat–productivity relationships using granular micro data. This approach allows us to study short-run
responses that tend to be averaged out in these studies.

A simulation-based literature has sought to quantify the contribution of labor to heat-related yield
losses. This line of research operates at a macro scale, examining national or sub-national annual
yields of staple crops over long time horizons, and necessarily relies on modeled rather than observed
labor responses (Koteswara Rao et al., 2020; De Lima et al., 2021; Dasgupta et al., 2021, 2024; Sheng
et al., 2025; Shah et al., 2025). While it highlights the potential importance of labor as a mediating
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factor, it does not provide direct evidence on short-run labor responses to heat exposure. Our setting
allows us to do so.

Economists have long argued that labor and effort responses constitute a plausible micro-level mech-
anism underlying the aggregate temperature–productivity relationship; see Heal and Park (2016) and
Lai et al. (2018) for reviews. A large occupational health literature examines heat exposure in outdoor
occupations, including agriculture, emphasizing physiological strain, heat illness risk, and how heat
constrains safe work capacity; see Bröde et al. (2018); Flouris et al. (2018); El Khayat et al. (2022);
WHO and WMO (2025), and Nath et al. (2026) for reviews. While some studies also relate heat
exposure to same-day work output in agricultural labor—often in industrial or plantation settings—
this evidence does not directly speak to smallholder production, where (constrained) choices are
made at the household level and heat can affect outcomes through endogenous labor allocation and
harvest-timing decisions.

A growing economics literature uses larger datasets and quasi-experimental variation to study heat
and labor outcomes. In a seminal contribution, Graff Zivin and Neidell (2014) use U.S. time-use
surveys conducted across counties and dates to show that higher temperatures reduce labor supply
and increase leisure. More recently, LoPalo (2023) studies survey enumerators in the Demographic
and Health Surveys and finds that workers are less productive on hotter days. These studies provide
compelling evidence that heat affects labor supply and performance. We extend this line of work to a
physically demanding agricultural setting where heat affects not only labor, but also plants.

In manufacturing settings Adhvaryu et al. (2020) and Somanathan et al. (2021) use factory-level
production data to show that exposure to high temperatures reduces worker productivity and labor
supply on the same day, with patterns consistent with human heat stress. We draw on insights from
these papers while studying a setting where measured output is not mechanically pinned down by
labor input alone. In agriculture, realized output can reflect both contemporaneous labor decisions
and crop-related dynamics, which complicates the interpretation of same-day temperature–output
relationships. We contribute evidence from smallholder harvesting that is comparable in frequency
to the manufacturing studies, while confronting this additional challenge.

Finally, this paper contributes to a small but growing literature on extreme heat and smallholder
livelihoods in developing countries. Existing studies document impacts on farm outcomes, household
behavior, and within-season adaptation (Jagnani et al., 2021; Aragón et al., 2021; Cui and Tang,
2024; Wang et al., 2024), often using household or farm survey data measured at seasonal or annual
frequency. We complement this evidence by using administrative farm-day records from a contract
farming setting with fixed piece rates and near-daily harvests, which allow realized heat exposure to
be linked directly to same-day harvested output and earnings. This sharper temporal alignment helps
isolate contemporaneous productivity losses in labor-intensive harvesting settings.

The paper proceeds as follows. Section 2 explains the physiology of heat stress in humans and plants
and Section 3 describes the study context. In Section 4 we present a simple conceptual framework.
Section 5 describes our data, Section 6 our empirical model, and Section 7 our main results, with a
battery of robustness checks relegated to the Appendix. We conclude in Section 8.
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2. HEAT STRESS IN HUMANS AND PLANTS

This section describes what we know about acute responses to heat stress by humans and plants.
The contrast between the two highlights why–physiologically–any same-day heat responses in
productivity are likely to reflect worker rather than crop responses.

Humans. For the human body to function properly, internal temperature must be tightly regulated
around a narrow range centered at approximately 37°C . As ambient temperatures rise, the body trig-
gers thermoregulatory responses aimed at preventing excessive increases in core body temperature.
Physiologically, humans have two main lines of defense: skin blood flow and sweating. The former
transfers heat from the body’s core to the periphery, but contributes to cardiovascular strain when heat
exposure is prolonged or intense. The latter facilitates cooling as sweat evaporates.

In hot and humid environments, particularly under sustained physical exertion, these thermoregula-
tory responses may not fully succeed in offsetting heat gain. Physical exertion increases metabolic
heat production, and elevated humidity limits the evaporation of sweat. When heat dissipation cannot
keep pace with heat production, internal body temperature rises (Hancock et al., 2007). Empirical
evidence shows that this transition happens quickly, with increasing cardiovascular strain and fatigue,
even among young, healthy adults (González-Alonso et al., 1999; Vecellio et al., 2022; Wolf et al.,
2022).

These considerations are especially salient in outdoor manual occupations, including labor intensive
farming, where workers are directly exposed to ambient heat and cannot fully insulate themselves
from environmental conditions (WHO and WMO, 2025). Occupational and public health research
emphasizes that individuals can partially accommodate heat exposure through physiological regu-
lation and behavioral responses, including self-pacing and rest, allowing work to continue under
moderately hot conditions (Parsons, 2013; Dunne et al., 2013). However, this capacity for short-
run adjustment is limited. Physiologically based assessments of outdoor work capacity show that as
heat stress intensifies, sustained physical labor becomes increasingly constrained, reflecting limits to
thermoregulation under combined heat, humidity, and metabolic load (Dunne et al., 2013; Bröde et
al., 2018; WHO and WMO, 2025).

Plants. Plant responses to heat differ from human responses in two fundamental ways. First, at
risk of stating the obvious, plants are sessile: they spend their adult lives fixed to one place. They
cannot move to avoid heat, but instead must cope with it in situ. Second, plant responses to high
temperatures operate through different physiological mechanisms. Unlike humans, plants do not
maintain a centrally regulated core body temperature. Instead, heat stress in plants is mediated
through local heat exchange at the leaf level, primarily via transpiration, which cools leaf surfaces
but not the entire organism. Barring lethal conditions, heat stress in plants manifests in damage
to key physiological functions and cellular processes, rather than through a centrally coordinated,
organism-wide thermal failure (Wahid et al., 2007; Fahad et al., 2017). Cucumber varieties grown in
South India by the farmers we study are adapted to warm, high-humidity environments, with optimal
growth reported in the 25–35°C temperature range (Rana et al., 2017).

A central finding of the plant physiology literature is that heat effects are strongly stage-specific.
Elevated temperatures are most consequential during germination, vegetative growth, flowering,
pollination, and fruit set, when heat stress can disrupt fertilization, tissue growth, tissue nutrients,
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and water loading, all of which reduce eventual yield (Wahid et al., 2007; Fahad et al., 2017; Jeffrey
et al., 2021). This pattern also appears in the cucumber studies: El-Remaly (2023) documents heat-
related damage to leaves and female flowers, with downstream consequences for fruit quality and
yield under sustained summer heat stress.1

While extreme or prolonged heat exposure can clearly damage plants, the biological evidence
indicates that plant-level yield effects predominantly reflect cumulative or lagged heat stress operating
through earlier developmental stages rather than immediate responses at harvest. Consistent with
this, farmers in our focus groups report that same-day losses from on-vine evaporation are minimal
because cucumbers are largely shaded by foliage, with limited exposure to direct sunlight.2

Together, these differences between plant and human heat responses are consistent with same-day
temperature exposure affecting agricultural output primarily through human labor inputs rather than
through contemporaneous effects on harvest-ready fruit.

3. CONTEXT

The smallholder farms we study are located in rural South India, a region characterized by hot and
humid conditions. The average total farm size is approximately two acres, and farmers cultivate
cucumbers, commonly referred to as gherkins, under seasonal contracts. The average cucumber plot
is about half an acre.3 Harvest is labor intensive, with daily output largely determined by manual
harvesting effort.

Economic environment. The contractor is a family-owned agribusiness with global operations,
supplying major international food brands. Farmers are contracted seasonally by the company’s field
officers, based on client orders. Farms are selected for the agro-climatic suitability of the land to the
crop. In our season of observation, they are located in 89 villages, distributed across a 7,000 km2

area, generating within-time variation in temperatures across a relatively similar geographic region.4

1The cucumber plant biology literature focuses on stage-specific effects, documenting heat-induced changes in pho-
tosynthetic efficiency, hormone regulation, pollen viability, and floral development under sustained or repeated exposure
to high temperatures (e.g. Lai et al., 2018; Yu et al., 2022; Chen et al., 2023). Humidity can also matter for cucumber
physiology: Amin et al. (2021) shows that, in young cucumber plants under combined low-temperature and high-humidity
stress, high relative humidity affects photosynthesis, transpiration, and stomatal regulation. But this evidence concerns
early-stage plants under sustained stress, rather than harvest-ready fruit under short-lived hot spells. By contrast, direct
evidence on acute, same-day heat effects on harvest-ready fruit is limited, and existing studies do not examine whether
short-lived temperature spikes materially affect same-day fruit weight or yield.

2Farmers also report little noticeable same-day yield deterioration of picked fruit, since it is stored in bags, in the shade
until pickup at the end of the day. This is consistent with post-harvest evidence from cucumbers showing that moisture
loss is sharply reduced when protected, with covered cucumbers exhibiting less than 1% weight loss over multi-day storage
horizons (Phal et al., 2013; Rodriguez Borbon et al., 2023). Given same-day harvest and pickup in our setting, together with
shaded handling and the fact that the contracted cucumber varieties are heat-tolerant warm-season cultivars, post-harvest to
pre-storage-related yield loss are likely to be negligible. A conservative would place it well below 1%, and plausibly below
0.5%.

3The remainder of their farm is used to cultivate other crops, predominantly rice and groundnuts.
4Ambient temperatures are a function of a number of factors including altitude, solar radiation, and atmospheric

circulation (Wallace and Hobbs, 2006).
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The main season starts after the last monsoon rains, and lasts until the onset of summer. During this
period, in this region, rains are rare.5

Local factory operations are highly mechanized, but the market for factory workers is competitive.
(Without regular employment in the cucumber factory, workers can easily find work in nearby
garment factories.) Stable employment in its local factories requires a steady supply of cucumbers,
and to maintain their “crunch”, fresh produce must be pickled within a day of harvest. These two
features require that the company stagger contracting, which allows comparisons across farms at
different points in the crop cycle on the same calendar days.

Farmers are contracted to grow cucumbers destined solely for pickling and export. There is no
domestic market for small cucumbers, that is, cornichons pickled in vinegar. As a result, unlike other
horticultural crops, questions of own consumption or local market sales do not arise, eliminating
output diversion. The firm provides standardized inputs to all farmers at cost, and continuous training
in sustainable farming practices. Field officers visit each farm once or twice each week to supervise,
monitor, and advise farmers.

The crop and harvest. Cucumbers (Cucumis anguria L.) are a warm-season horticultural crop.
South India has some of the best agro-climatic conditions globally for this cucumber variety, which
grows vertically on vines, and is well suited for pickling. The cultivars grown by the farmers are
heat tolerant and thrive in direct sunlight at temperatures between 25 and 35◦C. They require near-
daily harvest for optimal productivity (Rana et al., 2017), making same-day harvesting decisions
consequential for observed output.6

A crop season lasts for up to three months, from first seed to last harvest day. At different stages
of the crop cycle, farmers perform different activities, beginning with soil preparation and planting
seeds into well-spaced rows. Throughout the season, they conduct daily crop maintenance, including
fertilization, plant support, watering, and pest management. With the possible exceptions of soil
preparation prior to harvest and irrigation for those who have invested in drip systems, all tasks are
done manually, by hand. See Appendix Figure A1.

The time from seed to harvest is approximately 30 days, and the harvest window lasts between 30 and
50 days, with yields following an inverted U-shaped pattern. At this stage, fruit is already mature,
and daily yield primarily reflects how much fruit is harvested rather than contemporaneous plant
growth. The fruit of all cucurbits, which include horticultural plants such as melons and cucumbers,
need to be picked regularly, as mature fruit diverts energy from new growth. Optimally, the crop
is harvested every other day during the first and last week and a half of harvest–as fruit production
waxes and wanes–and every day in between, during the peak harvest period. Field officers discuss
this harvesting schedule with farmers, and a pickup schedule that coincides with the optimal harvest

5Normal rainfall does not harm these plants. Field staff report that the main risk to heavy rainfall is flooding in black
soil, due to its clay content. To minimize this risk, field officers contract farms with red soil, which has better drainage.

6We verify this for the seed varieties documented in internal company records. This is common practice in the
region. For example, one local cucumber seed producer advertises: “Best sown in warm weather, these seeds thrive
in 25–35°C temperature. Ensure well-drained, fertile soil and full sunlight.”(https://www.kailashseed.com/
product-details/cucumber)



8 SUNNA HUEGEMANN & RAJSHRI JAYARAMAN

pattern is arranged and communicated accordingly on an ongoing basis. Fruit quality deteriorates
rapidly post-harvest, ruling out intertemporal shifting of harvested output.7

Pickup takes place at the farm gate during the day, according to the predetermined schedule date and
time. Each farmer’s daily produce is sorted by size; see Appendix Figure A2. There are four size
categories, with the smallest cucumbers being the highest quality. High-quality cucumbers belong to
the “160” grade, meaning that it takes roughly 160 fruit to make a kilogram. These fetch the highest
price on the pickled cucumber consumer market. The medium-quality grade has 100 to 159 fruit per
kilogram, the low-quality grade has 30 to 99 fruit per kilogram, and the largest fruit falls into the
lowest-quality category. Sorting is done mechanically using grates of different sizes.

Incentives and labor. The contractually stipulated payment, common to all farmers in a given
season, varies by fruit quality. Piece rates per kilogram are highest for the smallest cucumbers and fall
steeply for larger fruit, creating strong incentives to harvest frequently and on schedule. The marginal
reduction in piece rates between high and medium quality is 45%, between medium and low quality
almost 50%, and between low and lowest quality almost 80

Fruit typically grows from one quality grade to another within one to two days. Skipping or delaying
harvest is therefore costly, both in terms of current earnings and longer-term plant productivity (Rana
et al., 2017). In focus groups, farmers emphasize the importance of harvesting according to the
prescribed frequency.

Cucumber cultivation is a family enterprise with a gendered division of labor. Men typically perform
soil preparation and pesticide spraying, while women do sowing, weeding, and lead harvesting. At
the height of harvest, a well-tended half-acre plot typically requires around five full-time harvesters
working seven days a week for eight to ten hours per day, implying that daily output depends
on sustained physical labor input. Family members and hired labor assist in this task, with labor
employed on a daily basis at a fixed local market wage. Harvesters move row by row, bending and
reaching to pick fruit by hand. Larger fruit is also harvested to maintain future yields.

Harvesting involves long hours of manual labor under direct sun exposure. Daytime temperatures
regularly exceed 30◦C, and relative humidity is persistently high during the harvest season, typically
in the range of about 60–70%. Work is performed outdoors for much of the day, constraining short-
run behavioral adaptation to heat exposure.

4. CONCEPTUAL FRAMEWORK

This section sketches a simple model to conceptualize how same-day heat exposure can affect
harvested output in a setting where fruit harvest-readiness is predetermined on the day of scheduled
harvest and harvesting is labor intensive.

Consider a farm i on a scheduled pickup day t. Let Rit ≥ 0 denote the amount of harvest-ready fruit
available at the start of that day.8 This captures what we know about the plant’s physiology: fruit

7Similar constraints hold for other labor-intensive horticultural crops; for example, Jayaraman et al. (2016) describe
how tea plant growth and harvesting practices limit the scope for shifting harvested output across days.

8We abstract from the intertemporal evolution of Rit in the model. In the empirical analysis, slow-moving biological
and calendar effects are absorbed by farm fixed effects, crop- and calendar-week fixed effects, and controls for lagged heat
exposure.
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weight at harvest primarily reflects cumulative growth prior to picking, and short-lived same-day
temperature fluctuations are unlikely to materially alter the stock of harvest-ready fruit.

Output is the fraction of available harvest that is picked and depends on labor effort. Let eit ≥ 0
denote harvesting effort, measured in efficiency units of labor input. Output is given by

yit = Rit θ(eit),

where θ(e) ∈ [0, 1] is weakly increasing and differentiable at any interior effort level e∗ > 0, with
θ′(e∗) > 0. Let Ht denote same-day heat exposure. Same-day heat affects harvesting via the cost of
effort. Conditional on harvesting, the farm chooses effort to solve

max
eit≥0

p Rit θ(eit) − C(eit; Ht) − F,

where p > 0 is the contractually fixed piece rate and F ≥ 0 is a reduced-form fixed cost of organizing
harvesting on that day. We normalize C(0; H) = 0 for all H and assume

Ce(e; H) > 0, Cee(e; H) > 0, CeH(e; H) > 0.

The first two assumptions ensure convex effort costs. The last captures the central idea from human
physiology: heat increases the marginal cost of effort.

Let e∗it(Ht) denote the optimal effort choice when harvesting occurs. We impose the usual second-
order condition that, at any interior optimum,

pRitθ
′′(e∗it) − Cee(e∗it; Ht) < 0,

so that the first-order condition characterizes a local maximum.

Define the indirect value of harvesting as

V(Rit,Ht) ≡ max
eit≥0

p Rit θ(eit) − C(eit; Ht) − F.

The work decision is
Wit = 1 ⇐⇒ V(Rit,Ht) ≥ 0.

The model generates two empirical predictions. (See Appendix B for proofs.)

PROPOSITION 1. Holding the amount of harvest-ready fruit fixed, higher same-day heat exposure
weakly reduces harvested output on days when harvesting occurs.

The intensive margin follows from the first-order condition for optimal effort: heat raises the marginal
cost of effort and therefore reduces optimal effort, which lowers harvested output.

PROPOSITION 2. Higher same-day heat exposure reduces the likelihood that harvesting occurs on a
scheduled pickup day.

The extensive margin follows from the envelope theorem: since higher heat raises the cost of any
positive effort, it weakly reduces the indirect value of harvesting, making harvesting less likely.

Taken together, Propositions 1 and 2 imply that same-day heat exposure reduces harvested output.
In the model, this overall heat penalty operates entirely through labor: same-day heat affects the
probability of harvesting and the intensity of effort when harvesting occurs, while the within-
day stock of harvest-ready fruit is taken as fixed. The empirical analysis evaluates whether this
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labor-based mechanism is consistent with the data, and whether short-run intertemporal substitution
mitigates these effects.

5. DATA

In this section, we describe data sources and data construction, and descriptive statistics for our main
panel of farmers, who are observed for a single harvest season, from December 2023 to May 2024.

1. Data Sources. We use three data sources: weather data for temperatures, administrative data for
farming outcomes, and survey data for farm(er) characteristics.

1.1. Company records. We digitize two types of company records. The first tracks the daily output
of each farmer, namely, how many kilograms of cucumber were harvested in each quality grade. The
second contains consolidated balances for each farmer which, in addition to the farmer’s seasonal
harvest revenues and input costs, include several features that facilitate our analysis. First, the date
of sowing allows us to mark the start of the farmer’s crop cycle, permitting us to control the crop
stage. Second, the records report the seasonal piece-rate schedule. By combining piece rates with
daily output, we are able to construct daily crop earnings. Third, village names and farmer IDs were
used by field staff in branch offices to geolocate each farmer’s village. Finally, the records include
each farmer’s cucumber plot size, which we use together with daily output to calculate daily yields.

1.2. Weather data. We obtain hourly ERA5 weather data from the Copernicus Climate Change
Service, accessed via the Climate Data Store. ERA5 provides comprehensive reanalysis data at a
high level of temporal and geographic disaggregation. We use hourly 2m temperature, available on
a 0.25◦ × 0.25◦ grid, corresponding to a spatial resolution of approximately 28 km by 25 km at this
latitude.9

We match hourly temperature data to administrative records using village identifiers and dates. This
allows us to construct a village-level hourly temperature time series for each of the 89 study villages
by spatially interpolating the gridded data. Specifically, for each village and hour, temperature is
computed as an inverse-distance–weighted average of the four nearest grid points.

Figure 1 presents the spatial distribution of study villages within South India, overlaid with the 0.25◦

temperature grids. Villages are located within a relatively compact geographic region but experience
meaningful variation in hourly and daily temperature over time.

Since harvest takes place during daylight hours and high temperatures are a daytime event, we restrict
attention to hourly temperatures between 6 a.m. and 6 p.m. We use these data to construct daily
measures of temperature exposure, including daily maximum temperature and the number of hours
per day above relevant temperature thresholds. These measures capture both peak heat exposure and
the intensity and duration of heat within a day.

9We use dry-bulb temperature rather than composite heat stress indices (e.g., wet-bulb temperature or WBGT) to
minimize measurement error, as these indices compound uncertainty across multiple weather variables. With consistently
high humidity (60–70%) in our region, temperature variation is the primary driver of daily heat exposure.
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FIGURE 1. Study villages and temperature grids

1.3. Survey data. A baseline survey was administered in person, during the crop season, by trained
field officers to contract farmers. The respondent was the household member with primary re-
sponsibility for cultivating cucumbers. The survey collected information on farmer and household
characteristics, including gender, age, cucumber cultivation experience, and difficulty in hiring labor
during harvest. We use these characteristics to explore heterogeneous responses to heat exposure.

2. Sample construction. In the 2023-24 season the firm contracted a total of 666 farmers, with
instructions and incentives to “focus” on harvesting high-quality fruit.10 We exclude two farmers
who had no subsequent harvest records, one farmer whose geolocation could not be verified, and
nine farmers whose yields were outliers (defined as exceeding ±3 standard deviations of the mean).
This leaves a final sample of 654 farmers.

For each farmer, we use the recorded sowing date to restrict the analysis to days 30–100 of the crop
cycle, corresponding to the period during which harvesting should occur. This restriction ensures that
observations are drawn from comparable stages of the crop lifecycle. Harvest occurs, and is recorded,
only on pickup days, we further restrict attention to scheduled pickup dates.

Harvest is measured in kilograms for each farmer on each scheduled pickup day. Missing values arise
either because no pickup occurred, or because the farmer did not harvest on that day. On days when
pickup was scheduled in the farmer’s village but no harvest is recorded, we treat missing values as

10A further 40 farmers were instructed to focus on lower-quality fruit. We exclude these farmers because their
incentives, harvest practices, and yield profiles differ fundamentally.
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true zeros. Daily yields, our primary outcome variable, are constructed by dividing output in each
quality grade by farm size. Daily earnings, our secondary outcome of interest, are constructed by
multiplying grade-wise output by the corresponding piece rate.

3. Descriptive statistics. Table ?? reports summary statistics for the main variables used in the
analysis. The farmer–harvest day panel comprises 27,867 farm-day observations covering 654 farms
over 115 harvest days, located in 89 villages, matched to a weather panel containing 3,168 village-day
observations.

Farmers have an average age of 40, and 44% are female. They operate small cucumber plots averaging
just under half an acre and have, on average, just under three prior seasons of experience cultivating
cucumbers. Labor scarcity is common, with about two-thirds of farmers reporting difficulty hiring
labor during harvest.

The harvest period is short but intense. In keeping with cropping patterns for this cucumber variety,
it lasts just under seven weeks, with scheduled pickups arranged for 30 harvest days on average.
Farmers harvested on approximately 70% of these scheduled days.

Yields and earnings exhibit substantial dispersion across farmers. Average daily yields are 56 kg per
acre for high-quality fruit and 112 kg per acre for total yield. Daily earnings average approximately
INR 3,400 (roughly C20 or USD 22).

Heat exposure during harvest is common. Average daytime temperatures are close to 28°C, but
daily maximum temperatures frequently exceed 30°C and farmers experience nontrivial exposure to
temperatures above 33°C. Since heat stress depends on both intensity and duration, we use measures
capturing both in the analysis.
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TABLE 1. Summary Statistics

Number of farmer-harvest day observations 27,867
Number of farmers 654
Number of harvest days 115
Number of villages 89
Number of village-harvest day observations 3,168

N Mean Std. Dev. Min Max

Individual
Age 654 39.1 10.3 15 70
Female 654 0.44 0.50 0 1

Farms
Gherkin plot size 654 0.48 0.23 0.10 1.60
Farmer’s experience (seasons) 654 2.64 1.95 0 10
Labor scarcity 642 0.65 0.48 0 1

Harvest
Length of harvest period 654 47.7 12.2 2 78
No. harvest days 654 30.0 9.07 2 48
Any harvest on pickup days 27,867 0.70 0.46 0 1

Yield
Daily High-quality yield (kg/acre) 27,867 55.9 60.9 0 804
Daily total yield (kg/acre) 27,867 111.8 127.1 0 1780

Earnings
Daily earnings/acre 27,867 3397.4 3606.0 0 49380
Daily earnings 27,867 1562.2 1792.7 0 24690

Weather
Avg. daytime temperature 115 28.0 2.63 23.1 33.9
Maximum temperature 115 31.4 3.17 23.9 38.5
No. hours above 33°C 115 1.84 2.88 0 8.60

Notes: This table presents summary statistics for the main variables used in the analysis. The sample includes
654 farmers across 89 villages observed over 115 harvest days during the 2023-2024 cucumber season, generat-
ing 27,867 farmer-harvest day observations and 3,168 village-harvest day observations. Individual characteris-
tics include farmer age, gender, prior experience growing cucumbers (measured in number of seasons), and self-
reported difficulty hiring labor during harvest. Farm characteristics include cucumber plot size in acres. Harvest
variables describe the length of the harvest period (days from first to last harvest), the number of scheduled
pickup days, and the rate at which farmers actually harvested on scheduled pickup days. Yield is measured in
kg/acre for high-quality fruit (smallest size grade) and total yield across all quality grades. Daily earnings are
calculated by multiplying grade-specific output by contractually predetermined piece rates. Weather variables
are constructed from hourly ERA5 data matched to village locations. Average daytime temperature is the mean
temperature between 6 a.m. and 6 p.m. Maximum temperature is the daily maximum during daylight hours.
Hours above 33°C count the number of daylight hours when temperature exceeds this threshold.
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6. EMPIRICAL STRATEGY

In this section, we describe the main threats to identification of same-day heat effects on productivity,
and explain how we address them in our empirical model. We also outline our strategy for building
supportive evidence that labor responses are likely to play a central role in same-day heat effects.

1. Identification. We face three main threats to identification. The first is unobserved farm hetero-
geneity. Farms may be systematically different in terms of farm location (e.g., altitude or local labor
market conditions) or farmer quality (e.g., skill or experience). These, in turn, may be correlated with
temperatures and yields. For example, temperatures may be hotter at lower altitudes, and casual labor
markets may be tighter, resulting in downward biased estimates of heat effects on productivity. To
address (time invariant) unobserved heterogeneity, we include farm fixed effects (FE).

The second challenge is spurious negative correlation between temperatures and yields. Temperatures
rise steadily through the season, while yields follow a classic inverse-U shaped harvest pattern
reflecting crop maturity. This is evident in Figure 2, which shows how average yield evolves over
the crop lifecycle (Panel 2a) and temperatures evolve over time (Panel 2b). In our model, crop-
week FE accounts for the crop age, and calendar-week FEs account for secular changes in seasonal
temperature. Separate identification of these is feasible due to staggered sowing across farms.

Finally, because temperature is serially correlated, contemporaneous heat may capture lagged or
cumulative effects of heat exposure on both plants and workers. We therefore control flexibly for
recent heat exposure by including heat on the previous day, and aggregate heat exposure over the six
preceding days. For plants, past heat exposure may affect productivity through cumulative stress at
earlier developmental stages. For workers, lagged heat may influence labor supply through short-run
behavioral responses, including intertemporal substitution of harvesting effort across nearby days.
In particular, if a previous day is unusually hot, farmers may defer harvesting to the following day,
whereas sustained heat over multiple days is likely to reduce overall labor input. We do not attempt
to map specific lag lengths to distinct physiological channels. Instead, by controlling for recent heat
exposure, we net out cumulative and intertemporal effects to more credibly isolate the same-day
effect.

2. Same-day threshold effects. We estimate variants of the following model to investigate the
relationship between same-day temperatures and cucumber yield:

yiv,t = f (Tempv,t) + αi + κs(i),t + ωt + δd(t) + εiv,t (1)

where yivt denotes the high-quality yield of farm i, which is located in village v, on calendar date t.
The model includes individual FE αi; crop-week FE κs(i), t, which varies by farmer i’s sowing date
si, and calendar time t; and calendar-week FE are ωt. In addition, FEs δ for the day of the week d(t)
account for weekly regularities in harvest patterns (e.g., weekends off).

The object of interest is f (Tempvt), which describes how the same-temperature in village v affects
outcomes. In the absence of previous estimates on contemporaneous effects of heat, we begin with a
flexible specification for f (·), estimated using a natural cubic spline with varying degrees of freedom,
following Ortiz-Bobea (2021). And since we record 12 hours of temperature per day, we allow
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(A) Yield over crop cycle (B) Temperature over calendar time

FIGURE 2. Crop cycle and temperatures Notes. This figure depicts average yields over the crop
cycle (Panel a) and daily ambient temperatures over the harvest season i.e. calendar time (Panel b).

for flexible measures of same-day exposure to the full range of daytime temperatures, and daily
maximum temperatures and degree-hours (i.e., the number of hours in a day at various temperatures).

Crucially, we use flexible specifications to determine whether our estimates are consistent with
patterns predicted by the physiology of human heat stress, namely, productivity being unchanged
over a range of same-day temperatures, but then decreasing when they exceed a heat threshold.
We begin by estimating model (1) without controlling for past heat. However, after identifying a
threshold, capture past heat exposure through dummy variables (Dv,t) equal to 1 on days this threshold
is exceeded.

3. Same-day heat penalty. Using the threshold uncovered in the first exercise, we estimate a
parametric model to estimate a “heat penalty” by asking, “What happens to outcomes when same-
day temperatures exceed the daily heat threshold?” Concretely, we estimate the following variant of
model (1):

yiv,t = βHvt + γDv,t−1 + ϕ
7∑

k=2

Dv,t−k + αi + κs(i),t + ωt + δd(t) + εiv,t (2)

There are two differences between model (1) and model (2). First, we impose a linear functional
on f (·). Second, we use a daily aggregate measure of exposure to temperatures that exceed the heat
threshold. Concretely, f (Tempvt) = βHvt, where Hvt measures daily heat exposure and β is the same-
day “heat penalty”: the effect of heat exposure on yields. In our main specification, heat exposure
is captured through the dummy variable Dvt as defined in equation (2), so β captures the average
effect of (any) same heat exposure. We also measure hours of daily heat exposure (“heat-hours”) to
temperatures exceeding the threshold, in which case β captures the marginal effect of an additional
hour of heat exposure.

4. Labor responses. In a final step, we explore labor responses to heat exposure. First, using model
(2), we estimate labor supply responses along the extensive margin asking whether farmers have any
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harvest (i.e. have any labor input) on heat-days. We also investigate the intensive margin, by condition
productivity on harvesting. Second, we examine whether farmers engage in intertemporal substitution
of labor by investigating the effects of yesterday’s and tomorrow’s heat on today’s productivity. If
farmers anticipate hot weather, they may harvest more heavily the day before; conversely, if they skip
or reduce harvesting on a hot day, they may compensate by harvesting more intensively the following
day to catch up on fruit that has continued to ripen. Evidence of such delayed or anticipatory
responses would suggest that heat-induced losses can be partially offset through re-timing of effort.
Lastly, we estimate heterogeneous responses to same-day heat by interacting the heat-day dummy
variable with farmer gender, experience, age, and whether they have hiring difficulties. There is no
biological foundation for women experiencing more heat stress than men. The plant is not affected by
same-day exposure, and farmer experience with cucumber cropping is unlikely to help manage human
heat stress. By contrast, age is a well-established risk factor, and the presence of hiring difficulties is
likely associated with fewer available harvesters and higher risk of heat stress on heat-days.

7. MAIN RESULTS

This section discusses our main results. We begin by presenting estimates for the semi-parametric
relationship between same-day temperatures and yields described in model 1, and then quantify the
same-day heat penalty, by estimating β from model 2. We conclude by exploring labor responses to
heat exposure.

1. Threshold effects. Figure 3 depicts the relationship between maximum same-day temperature
and high-quality yield, estimated using semi-parametric natural cubic splines of degree 8, 9 and 10.
The pattern in Panel A3a, which does not control for past heat but does all other FE, is consistent with
well-documented patterns of humans’ physiological response to heat stress. Estimates are imprecise,
but yields are relatively flat until 33°C, after which they decline linearly with temperatures. This
is consistent with a threshold effect at 33°C. This threshold lies before the 35°C upper bound of
optimal ambient temperature for cucumbers (Rana et al., 2017). In the 60–70% relative humidity
range characteristic of the region, this threshold corresponds to a WBGT of approximately 29–30°C.
This range closely aligns with experimentally identified thresholds for human heat stress (Vecellio et
al., 2022, 2023). Together, this evidence is consistent with threshold effects characterizing same-day
human heat stress.

In Panel A3b we use this threshold to control for past heat. Doing so tightens confidence bands and
smooths the temperature-yield response function. Still, after a 33°C temperature, the effect of heat
on productivity becomes significantly negative. Patterns are similar when we measure exposure in
degree-hours rather than daily maximum temperature; see Appendix Figure A3. Similar patterns
emerge when we use indicator variables for different maximum-temperature bins (Figure 4).

Next, we use the 33°C threshold estimate to quantify the same-day heat penalty, in terms of yields,
as well as crop earnings. Table 2 presents the results of this exercise. In separate regressions,
heat exposure is measured by whether daily maximum temperature exceeds 33°C (Panel A), and
the number of hours above this threshold (Panel B). All specifications include farmer, plant-week,
calendar-week, and day-of-the-week fixed effects. Columns 2 and 4 add controls for yesterday’s heat
and cumulative heat over the previous six days.
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(A) Without past heat controls (B) With past heat controls

FIGURE 3. Threshold effects of same-day maximum temperature on high-quality
yield Notes. This figure depicts the relationship between same-day maximum-temperature exposure (Panel (A)),
and daily high-quality yields. Functions are estimated using a natural cubic spline

FIGURE 4. Dummy variable specification. Notes. This figure depicts coefficient estimates for
binary indicators in three separate regressions with the full set of controls. Clockwise from top left, the indicators
are for 1-, 2-, and 3-degree Celsius daily maximum temperature bins.
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TABLE 2. Effects of Extreme Heat on Daily Yield Outcomes

Daily High-Quality Yield Daily Earnings per Acre

(1) (2) (3) (4)

Panel A. Maximum temperature

Max. temperature > 33◦C -9.618∗∗∗ -9.656∗∗∗ -661.5∗∗∗ -646.8∗∗∗

(1.618) (1.531) (87.09) (83.33)

Panel B. Duration of heat

Each additional hour > 33◦C -2.384∗∗∗ -1.986∗∗∗ -168.6∗∗∗ -131.4∗∗∗

(0.502) (0.506) (31.83) (30.77)

Baseline mean 60.38 60.38 3723 3723

No. farmers 654 654 654 654
No. observations 27867 27863 27867 27863

Fixed effects × × × ×

Controls for past heat × ×

Notes: This table reports the effects of extreme heat on daily yield outcomes. Daily High-Quality Yield
is defined as daily harvest in kg/acre in the highest-quality fruit grade. Daily Earnings per Acre is defined
as the value of total daily harvest across all quality grades per acre. Fixed effects include farmer, week of
crop lifecycle, calendar week, and day of week fixed effects. Past heat controls include a dummy for heat
on the previous day exceeding 33°C as well as the number of days exceeding 33°C on days t − 2 to t −
7. Baseline mean refers to the mean outcome on days when maximum temperature does not exceed 33°C.
Standard errors are clustered at the village level and reported in parentheses.
*** p < 0.01, ** p < 0.05, * p < 0.1.

On days exceeding 33°C, farmers’ yields are significantly reduced. High-quality yields fall by 9.6
kg per acre (column 1), representing a 16% decline relative to the mean on days where temperatures
remain below 33°C. Daily earnings fall by INR 650 per acre (column 3), which is a decline of 17%
compared to cooler days.

Importantly, these estimates are virtually unchanged when we control for past heat exposure. Com-
paring columns 1 and 2 in Panel A, the coefficient on hot days remains nearly identical: −9.62
kg without lagged heat controls versus −9.66 kg with controls for past heat. The same stability
appears in Panel B and in the estimates for daily earnings. This insensitivity to lagged temperature
controls confirms that the observed productivity losses reflect genuine same-day heat effects rather
than lagged effects of prior heat stress. Since plant responses to heat stress unfold over time while
human physiological responses occur within hours, these findings are consistent with productivity
operating through human physiological responses to heat.

The intensity of heat exposure matters. Each additional hour above 33°C reduces high-quality yield
by 2.0 kg per acre (Panel B, column 2) and harvest value by INR 131 per acre. This dose-response
pattern is consistent with heat stress building over sustained exposure during the work day.
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These effects are economically meaningful. Given the mean baseline yield of 60.4 kg per acre, and
average daily earnings of INR 3,723 per acre on cooler days, heat-induced losses represent a 15%
reduction in yield, and a 17% earnings loss (overall, including on lower quality fruit).

TABLE 3. Extensive and Intensive Margin Effects of Heat on Harvest Outcomes

Extensive margin Intensive margin (cond. on any harvest)

Any harvest High-quality yield Daily Earnings per Acre
(1) (2) (3)

Panel A. Maximum temperature

Max. temperature > 33◦C −0.055∗∗∗ −8.250∗∗∗ −600.9∗∗∗

(0.019) (2.170) (117.4)

Panel B. Duration of heat

Each additional hour > 33◦C −0.008∗ −2.208∗∗∗ −150.3∗∗∗

(0.005) (0.324) (20.40)

Baseline mean 0.746 80.94 4989.5

No. farmers 654 654 654
No. observations 27,863 19,466 19,466

Fixed effects × × ×

Past heat controls × × ×

Notes: This table decomposes the effect of extreme heat into extensive and intensive margin responses. Column 1
examines the extensive margin: the dependent variable equals one if any harvest occurred on a scheduled pickup day,
and zero otherwise. Columns 2 and 3 examine the intensive margin, restricting the sample to farmer-days when harvest
actually occurred. Daily High-Quality Yield is defined as daily harvest in kg/acre in the highest-quality fruit grade. Daily
Earnings per Acre is defined as the value of total daily harvest across all quality grades per acre. All specifications include
farmer, week of crop lifecycle, calendar week, and day of week fixed effects, as well as controls for heat on the previous
day exceeding 33°C and the number of days exceeding 33°C on days t − 2 to t − 7. Baseline mean refers to the mean
outcome on days when maximum temperature does not exceed 33°C. Standard errors are clustered at the village level and
reported in parentheses. *** p < 0.01, ** p < 0.05, * p < 0.1.

Having established that same-day heat reduces daily yields, we now investigate the labor supply
channels through which this occurs. Table 3 decomposes the overall same-day heat effect into two
distinct margins of adjustment: whether farmers harvest at all on a given day (the extensive margin),
and how much they harvest conditional on harvesting (the intensive margin).

Column (1) examines whether heat affects the probability of harvest occurring on a scheduled
pickup day. The dependent variable equals one if any harvest is recorded, and zero otherwise. The
results reveal substantial heat-induced absenteeism. When maximum temperature exceeds 33°C, the
probability of harvest falls by 5.5 percentage points. Relative to the baseline harvest probability of
74.6%, this represents a 7.4% reduction in the likelihood that farmers harvest on hot days.
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The hours-based specification reinforces this finding: each additional hour above 33°C reduces the
probability of harvest by 0.8 percentage points. This pattern is consistent with farmers or workers
opting out of harvesting when conditions become uncomfortably hot. Since the piece-rate contract
does not mandate specific labor input and farmers can potentially defer harvest to adjacent days,
skipping a hot day is a viable short-run adaptation strategy.

This extensive margin response has direct implications for farmer earnings. When no harvest occurs,
daily income is zero. Given that hot days reduce harvest probability by 5.5 percentage points, a
non-trivial share of the overall productivity loss operates through complete work stoppage rather than
reduced effort.

Columns (2) and (3) restrict the sample to farmer-days when harvest actually occurred, examining
high-quality yield and earnings per acre conditional on the farmer having harvested at all on that day.
Even when farmers do harvest on hot days, yields are substantially lower. High-quality yield falls by
8.3 kg per acre when maximum temperature exceeds 33°C (column 2), and earnings decline by INR
601 per acre (column 3). Relative to the conditional means of 80.9 kg per acre and INR 4,990 per
acre, respectively, this represents 10% reductions in both physical output and income.

Together, the results from Tables 2 and 3 suggest that the effect of heat on productivity operates
through both margins: farmers are less likely to harvest at all when it is hot (extensive margin), and
when they do harvest, they produce less (intensive margin). Just over one-third of the reduction in
overall productivity comes from the extensive margin, and two-thirds from the intensive margin.11

The fact that both margins respond to heat suggests that the effort costs are meaningful enough to
alter labor supply decisions, but also that some harvesting constraints, such as the need to prevent
fruit from growing too large, limit the ability to fully avoid hot days.

These dual margins of adjustment reveal both the flexibility and constraints facing smallholder
farmers. The extensive margin response, simply not harvesting on the hottest days, is a form of
behavioral adaptation that limits heat exposure. However, this comes at the cost of foregone earnings
and potentially larger, lower-quality fruit on subsequent days. The persistent intensive margin effect
shows that even when farmers choose to harvest, productivity suffers, consistent with heat stress
impairing worker efficiency through fatigue, reduced work pace, or the need for more frequent breaks.

The combination of these effects underscores that heat imposes productivity costs that cannot be fully
avoided through work timing alone. Even on days when farmers actively choose to harvest despite
high temperatures, presumably because the costs of delaying are high, they still experience significant
yield losses.

The results thus far establish that same-day heat significantly reduces yields, and that both the
extensive and the intensive margin are at play. We now investigate whether farmers respond to
anticipated or recent heat by shifting harvest timing across adjacent days. If workers know a hot
day is coming, they might harvest more heavily the day before. Conversely, if they skip or reduce
harvesting on a hot day, they might compensate by harvesting more intensively on the following day
to catch up on fruit that has continued to ripen.

Such intertemporal substitution would reduce yield and income losses due to heat, even if only partial.
If farmers can compensate for hot-day losses by harvesting more on adjacent cooler days, the actual

11From Tables 2 and 3, −0.055 ∗ 60.38/9.565 ≈ 35% and 8.250 ∗ 0.746/9.656 ≈ 65%.
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productivity losses would be less severe than the same-day estimates suggest. Conversely, if we
find no evidence of compensatory behavior, this would indicate that heat-induced productivity losses
are not recoverable through retiming of effort, representing genuine reductions in total output and
earnings.

Table 4 investigates these temporal dynamics by including controls for heat exposure on adjacent
days. We examine whether yields respond to tomorrow’s heat (forward-looking behavior) or
yesterday’s heat (delayed responses or catch-up), while maintaining our controls for cumulative heat
over the previous week (days t − 2 through t − 7) to isolate these specific adjacent-day effects.

TABLE 4. Delayed and Forward-Looking Effects of Heat on Daily Yields and
Earnings

Daily High-Quality Yield Daily Earnings/acre

(1) (2) (3) (4) (5) (6)

Tomorrow’s heat (>33°C) 1.540 21.99
(1.943) (111.9)

Today’s heat (>33°C) −9.618∗∗∗ −9.656∗∗∗ −10.25∗∗∗ −661.5∗∗∗ −646.8∗∗∗ −655.2∗∗∗

(1.618) (1.531) (1.628) (87.09) (83.33) (92.53)

Yesterday’s heat (>33°C) −1.304 −1.245 −152.8 −151.9
(1.793) (1.771) (115.1) (114.6)

No. heat days (>33°C) in −2.022∗∗ −1.934∗∗ −168.7∗∗∗ −167.4∗∗∗

past week (t − 2 to t − 7) (0.848) (0.896) (48.29) (51.05)

Observations 27,867 27,863 27,863 27,867 27,863 27,863

Fixed effects × × × × × ×

Notes: This table examines whether farmers engage in intertemporal substitution of labor by shifting harvest timing in
response to heat on adjacent days. Daily High-Quality Yield is defined as daily harvest in kg/acre in the highest-quality
fruit grade. Daily Earnings per Acre is defined as the value of total daily harvest across all quality grades per acre. Column
1 and 4 show the baseline specification with only today’s heat. Column 2 and 5 add controls for yesterday’s heat (day t−1)
and cumulative past heat (days t − 2 to t − 7). Column 3 and 6 additionally include tomorrow’s heat (day t + 1) to test
for anticipatory responses. All specifications include farmer, week of crop lifecycle, calendar week, and day of week fixed
effects. Standard errors are clustered at the village level and reported in parentheses. *** p < 0.01, ** p < 0.05, * p < 0.1.

The table progressively adds temporal controls. Column (1) reproduces our baseline specification
from table 2, showing the same-day heat effect without any controls for past or future heat. Column
(2) adds yesterday’s heat to test for delayed responses as well as the number of heat days in the past
week. Column (3) adds a control for tomorrow’s heat. Columns (4)-(6) repeat this progression using
daily earnings per acre as the outcome.

The full specification in columns (3) and (6) reveals no evidence that farmers shift harvest timing in
response to heat on adjacent days. Today’s heat continues to have a large negative effect: when
maximum temperature exceeds 33°C, high-quality yield falls by 10.3 kg per acre and earnings
decline by INR 655 per acre. These estimates are almost identical to our baseline results in Table
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2, confirming that the same-day effect is robust to controlling for heat exposure across multiple time
periods.

Tomorrow’s heat has no effect on today’s harvest. The coefficient is small and statistically insignif-
icant (1.54 kg for yields, INR 22 for earnings). If farmers anticipated hot weather and harvested
more today to avoid working tomorrow, we would expect a positive and significant coefficient. The
null result suggests that farmers do not or cannot systematically adjust today’s harvest in response
to expected heat tomorrow. This could reflect limited weather forecasting information, the physical
difficulty of harvesting more than planned on a given day, or simply that the costs of deviating from
the optimal harvest schedule outweigh the benefits of heat avoidance.

Yesterday’s heat shows no positive effect, indicating an absence of catch-up behavior. The coefficient
is actually slightly negative and statistically insignificant (−1.24 kg, -INR 152). If farmers reduced
or skipped harvesting on hot days but then compensated by harvesting more intensively the following
day, by collecting fruit that continued to ripen, we would expect a positive coefficient. Instead, we
find no evidence of such compensatory behavior. When farmers reduce harvesting due to heat, they do
not appear to make up for it the next day. This suggests the yield losses on hot days represent genuine
productivity losses rather than merely redistributed harvest timing. The negative point estimate, while
not statistically significant, may also hint at persistent fatigue: workers who were exposed to heat
yesterday may still experience reduced capacity today, even if today’s temperature is moderate.

Importantly, while yesterday’s heat has no significant effect, cumulative heat over the past week
does. Each additional day above 33°C during days t − 2 through t − 7 reduces today’s yields by 1.93
kg and earnings by INR 167. This cumulative effect likely operates primarily through plant stress
accumulation, with heat exposure during earlier developmental stages affecting current productivity,
though persistent worker fatigue across multiple hot days could also contribute. While the losses due
to cumulative past heat are substantial, the results support that the effects of past cumulative heat and
same-day heat operate almost independently. Controlling for cumulative heat, the same-day effect
remains large and stable at 10.3 kg, almost unchanged from our baseline estimates. This persistence
across specifications reinforces our interpretation that the same-day effect, which arguably operates
through human physiological responses to heat stress, is substantial and distinct from the plant-
mediated cumulative effects.

The key takeaway from Table 4 is that heat-induced productivity losses do not appear to be shifted
across time. Farmers neither anticipate and pre-empt hot days nor catch up afterward. Combined with
our earlier findings that both extensive and intensive margins respond to heat, this temporal pattern
suggests that the yield losses we observe represent genuine productivity costs rather than merely
redistributed harvest timing. This has important implications for understanding farmer adaptation
and welfare.

We now examine which farmers are most severely affected by heat, exploring whether heat sensitivity
varies across different farmer characteristics. Table 5 presents results where we interact the heat
indicator (maximum temperature exceeding 33°C) with farmer gender (Panel A), prior experience
growing cucumbers (Panel B), age (Panel C), and self-reported difficulty hiring labor during harvest
(Panel D). Each panel presents estimates for high-quality yields (column 1) and earnings per acre
(column 2), with all specifications including our full set of controls from Table 2.
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TABLE 5. Heterogeneous Effects of Extreme Heat on Daily Yield Outcomes

Daily High-Quality Yield Daily Earnings per Acre

(1) (2)

Panel A. Gender

Heat −9.630∗∗∗ −635.7∗∗∗

(1.715) (101.6)

Heat × Female −0.059 −25.35
(2.229) (125.2)

Panel B. Farmer’s Experience

Heat −10.73∗∗∗ −713.6∗∗∗

(1.805) (111.4)

Heat × Less experience 2.482 154.6
(3.758) (224.3)

Panel C. Age

Heat −7.683∗∗∗ −515.8∗∗∗

(2.119) (115.2)

Heat × Older age −3.955 −262.5∗

(2.640) (154.1)

Panel D. Labor Scarcity

Heat −4.691 −344.1∗

(3.226) (203.4)

Heat × Hiring difficulties −7.540∗ −458.0∗

(4.180) (251.7)

Fixed effects × ×

Past heat controls × ×

Notes: This table examines heterogeneous effects of extreme heat across farmer characteristics. Daily High-Quality
Yield is defined as daily harvest in kg/acre in the highest-quality fruit grade. Daily Earnings per Acre is defined as
the value of total daily harvest across all quality grades per acre. Each panel reports results from a separate regression
interacting the heat indicator (daily maximum temperature exceeding 33°C) with a farmer characteristic. All specifications
include farmer, week of crop lifecycle, calendar week, and day of week fixed effects, as well as controls for heat on the
previous day exceeding 33°C and the number of days exceeding 33°C on days t − 2 to t − 7. The main effect captures
the heat effect for the reference group. The interaction term captures the differential effect for the characteristic group.
Standard errors are clustered at the village level and reported in parentheses. *** p < 0.01, ** p < 0.05, * p < 0.1.

If farmers could costlessly shift harvesting to cooler days, heat penalties would be limited to smaller
inefficiencies in fruit size distribution. The absence of such substitution indicates that heat imposes
binding constraints on labor supply that cannot be overcome through simple retiming of effort. The
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piece-rate structure creates strong incentives to harvest at optimal times, yet heat exposure disrupts
this schedule in ways that reduce both daily and cumulative earnings.

Panel A examines whether female farmers, who typically lead harvesting activities, experience
different heat effects than male farmers. The main effect of heat is -9.63 kg for high-quality yield
and -INR 636 for earnings, consistent with our baseline estimates. The interaction term is small and
statistically insignificant (-0.06 kg, -INR 25), indicating that heat affects male and female farmers
similarly. This suggests that the physiological heat stress experienced during harvest does not differ
systematically by gender in this context, or that any gender differences in heat tolerance are offset by
differences in adaptation strategies or labor allocation.

Panel B tests whether more experienced farmers are better able to cope with heat, perhaps through
superior knowledge of optimal harvest timing or more effective labor management. We define less
experienced farmers as those in the bottom half of the experience distribution (fewer than 3 seasons).
The main effect shows that heat reduces yields by 10.7 kg and earnings by INR 714. The interaction
term is positive but insignificant (2.48 kg, INR 155), providing no clear evidence that experience
mitigates heat sensitivity. Both new and seasoned farmers appear equally vulnerable to same-day
heat exposure.

Panel C explores whether older farmers (above median age of 40) are more sensitive to heat. The
main effect for younger farmers is -7.68 kg for yields and -INR 516 for earnings. The interaction
term is negative and larger in magnitude (-3.96 kg, -INR 263), with the earnings interaction reaching
marginal significance (p < 0.10). This suggests that older farmers may experience somewhat larger
productivity losses on hot days, consistent with age-related declines in heat tolerance documented
in the occupational health literature. However, the differential effect is modest and not consistently
significant across both outcomes.

Panel D provides the most striking heterogeneity result. We interact heat with an indicator for
whether the farmer reported difficulty hiring labor during harvest, which 65% of farmers in our
sample reported to face. The main effect of heat alone becomes statistically insignificant (-4.69 kg
for yields, -INR 344 for earnings), while the interaction term is negative, substantial, and marginally
significant (-7.54 kg, p < 0.10 for yields; -INR 458, p < 0.10 for earnings).

This pattern indicates that heat effects are concentrated among farmers who face binding labor
constraints. For farmers without hiring difficulties, heat has minimal impact on yields. But for
farmers who struggle to secure adequate labor, heat reduces yields by approximately 12 kg per acre
(sum of main effect and interaction) and earnings by roughly INR 800 per acre.

This finding is strongly consistent with labor supply being the primary channel through which heat
affects productivity. Cucumber harvesting is extremely labor intensive, requiring approximately five
full-time workers per half-acre plot during peak harvest. When heat makes work unpleasant or
physically demanding, farmers who can easily hire additional workers or reallocate family labor may
be able to maintain productivity. But farmers facing labor scarcity, meaning those who are already
operating at the margin of available labor, have no buffer to absorb heat-induced reductions in worker
effort or availability. For these farmers, heat directly translates into lower output.

The fact that the unconditional heat effect (from earlier tables) seems to be driven almost entirely
by the subset of farmers facing labor constraints provides further compelling evidence that same-day
productivity losses operate primarily through the labor channel rather than through direct effects of
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heat on plant biology. If heat were affecting yields primarily through plant stress, we would not
expect labor market conditions to moderate the effect so strongly.

8. CONCLUSION

This paper provides novel micro-evidence on how same-day heat exposure affects productivity and
labor supply in smallholder agriculture. Using high-frequency administrative data from hundreds
of contract farmers growing cucumbers in South India, matched to hourly weather records, we
document substantial productivity losses when daily temperatures exceed 33°C. On such days,
farmers experience a 16% reduction in both yields and earnings compared to cooler days. These
losses operate through both reduced likelihood of harvesting at all (extensive margin) and lower
output conditional on harvesting (intensive margin).

Several features of our empirical design allow us to credibly isolate same-day heat effects from
other potential confounds. Farm fixed effects account for time-invariant differences across farmers.
Separate controls for crop-week and calendar-week account for the mechanical relationship between
rising seasonal temperatures and the inverse-U shaped harvest pattern over the crop lifecycle.
Controls for past heat exposure try to isolate genuine same-day effects rather than cumulative or
lagged heat stress. The robustness of our estimates across these specifications strengthens confidence
in the causal interpretation.

The pattern of results is consistent with heat operating primarily through labor rather than plant chan-
nels. First, the drop-off pattern we observe, relatively flat yields until 33°C, and a decline thereafter,
mirrors physiological thresholds for human heat stress documented in experimental studies, while
falling well within the optimal temperature range for the heat-tolerant cucumber varieties grown by
these farmers. Second, same-day heat effects remain large and significant even after controlling for
past heat exposure, which should capture cumulative plant stress from earlier developmental stages.
Third, heterogeneity analysis reveals that heat effects are concentrated among farmers facing labor
constraints, with a much smaller effect among farmers who report no difficulty hiring workers. This
differential response would be difficult to reconcile with a plant-based mechanism but fits naturally
with a labor-based explanation.

We find limited evidence that farmers can mitigate heat impacts through intertemporal substitution of
labor. Neither anticipatory harvesting before hot days nor catch-up harvesting afterward appears to
offset the productivity losses we document. This absence of temporal shifting suggests that the costs
we measure represent genuine reductions in output rather than merely redistributed harvest timing.
Combined with the piece-rate contract structure that creates strong incentives to harvest at optimal
frequencies, this finding indicates that heat imposes binding constraints on labor supply that cannot
be overcome through simple retiming of effort.

The same-day heat penalty is substantial. At current piece rates, a single heat day costs the
average farmer roughly INR 650 per acre in lost earnings, representing 17% of crop total earnings.
For smallholder farmers already operating near subsistence, such earnings losses can have serious
consequences for household income, food security, and investment in future production.

Looking ahead, these findings have implications for climate adaptation policy. They highlight the
need for heat-specific interventions beyond traditional agricultural extension which focus on inter-
seasonal adaptation strategies such as crop selection and irrigation technology. Our results suggest
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that intra-seasonal investments in labor productivity and worker health, whether through improved
access to shade, hydration, or alternative work schedules, may also be impactful. Our results
underscore the importance of social protection mechanisms that can smooth income in response to
weather shocks, particularly in regions where heat stress is projected to intensify.

Several limitations suggest directions for future research. First, while our evidence strongly points
to labor as the primary mechanism, we cannot directly observe labor inputs or worker-level effort.
Studies combining farm-level outcomes with direct measures of time use, work intensity, or phys-
iological strain would provide even more definitive evidence on behavioral pathways. Second, our
study covers a single crop and region. Understanding how heat effects vary across crops with different
labor intensities, across regions with different baseline climates, and across seasons with different
adaptation opportunities would improve generalizability. Third, we observe farmers over a single
season, limiting our ability to study longer-run adaptation through learning or capital investment.
Panel studies following farmers over multiple years as they gain experience with heat exposure would
shed light on the scope for adaptation over time.

Despite these limitations, our findings suggest that same-day heat may impose substantial productiv-
ity costs on smallholder farmers through its effects on labor supply and efficiency. As temperatures
continue to rise, understanding and addressing these labor-mediated impacts will be crucial for
protecting the livelihoods of the billions of people who depend on smallholder agriculture.
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APPENDIX A: ADDITIONAL FIGURES AND TABLES

(A) Soil preparation (B) Sowing (C) Plant maintenance

(D) Irrigation (E) Pest management (F) Harvesting

FIGURE A1. Cucumber cultivation Notes. This figure exemplifies the main activities involved in
cucumber farming.
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(A) Pickup truck (B) Daily harvest (C) Sorting

(D) High qual. (E) Med.

qual.

(F) Low qual. (G) Sizes

FIGURE A2. Harvest Notes. This figure shows farm gate pickup and sorting of fruit into quality grades. The
final pictures provides perspective for the four quality grades, from highest (smallest) to lowest (largest). Farmers
are incentivized to harvest the highest viable quality grade.
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(A) Without past heat controls (B) With past heat controls

FIGURE A3. Threshold effects of same-day heat exposure on high-quality yield:
degree-hours Notes. This figure depicts the relationship between same-day degree-hour exposure, and daily
high-quality yields. Functions are estimated using a natural cubic spline
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APPENDIX B: PROOFS

Proof of Proposition 1. Fix (Rit,Ht) and consider an interior optimum e∗it > 0 for

max
eit≥0

pRitθ(eit) − C(eit; Ht) − F.

At an interior optimum the first-order condition is

pRitθ
′(e∗it) = Ce(e∗it; Ht).

Differentiating with respect to Ht (noting that e∗it = e∗it(Ht)) yields

pRitθ
′′(e∗it)

∂e∗it
∂Ht
= Cee(e∗it; Ht)

∂e∗it
∂Ht
+ CeH(e∗it; Ht).

Rearranging,
∂e∗it
∂Ht
= −

CeH(e∗it; Ht)

pRitθ′′(e∗it) − Cee(e∗it; Ht)
.

By the maintained second-order condition pRitθ′′(e∗it) − Cee(e∗it; Ht) < 0 and CeH > 0, it follows that
∂e∗it/∂Ht < 0. Since yit = Ritθ(e∗it) and θ′(e∗it) > 0,

∂yit

∂Ht
= Ritθ

′(e∗it)
∂e∗it
∂Ht
< 0,

which proves Proposition 1.

Proof of Proposition 2. Define

V(R,H) = max
e≥0

pRθ(e) − C(e; H) − F.

Since C(0; H) = 0 for all H and CeH(e; H) > 0, it follows that for any e > 0,

CH(e; H) = CH(0; H) +
∫ e

0
CeH(s; H) ds =

∫ e

0
CeH(s; H) ds ≥ 0,

so the objective is weakly decreasing in H for any fixed e. Under standard regularity conditions
ensuring existence of a maximizer and differentiability of the value function in H, the envelope
theorem implies

∂V(R,H)
∂H

= − CH(e∗(R,H); H) ≤ 0.

Hence V(R,H) is weakly decreasing in H. Because harvesting occurs if and only if V(Rit,Ht) ≥ 0,
higher same-day heat weakly reduces the probability that harvesting takes place, proving Proposition
2.


