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Human heat stress could offset potential economic
benefits of CO, fertilization in crop production under
a high-emissions scenario
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In brief

Climate change can significantly impact
agriculture through various channels.
Here, we find that climate change will
intensify heat stress, resulting in reduced
agricultural labor capacity and higher
labor costs in Africa and Asia. To mitigate
vulnerability to heat stress, proactive
adaptation measures, including the
deployment of mechanization, are
essential.
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SCIENCE FOR SOCIETY Climate change can significantly affect food production in many ways. Changes in
greenhouse gases, temperature, and rainfall directly influence crop productivity, sometimes increasing yield
through a mechanism known as the carbon dioxide fertilization effect. However, agricultural production in
many countries also relies on physically demanding manual labor, primarily outside, and, as temperatures
rise, heat stress on agricultural workers can reduce labor capacity. Consequential climate change impacts on
food availability and affordability are a major societal concern, yet the specific and combined impacts on agri-
cultural production remain highly uncertain. An assessment of the future impacts of climate change on the pro-
duction and prices of four of the world’s most consumed crops (maize, wheat, soybean, and rice) reveals that a
rise in heat stress will lower agricultural labor capacity and increase labor costs in Africa and Asia. This could
offset the potential economic benefits of higher yields due to elevated levels of CO,. Proactive adaptation mea-
sures, such as mechanization deployment, are needed to reduce the vulnerability to heat stress.

SUMMARY

Climate change can significantly impact agriculture, leading to food security challenges. Most previous studies
have investigated the direct climate impact on crops while neglecting the impact of heat stress on agricultural
labor. Here, we assess the economic consequences of climate impacts on four major crops—maize, soybean,
wheat, and rice—for scenarios involving low and high greenhouse gas emissions. Our analysis is based on the
output from a new generation of global climate and crop models to drive a multiregional economic model. We
find that, even under a high-emission scenario, the effect of CO, fertilization could lead to higher yields, resulting
in lower prices for major crops, except for maize. However, heat-induced losses in agricultural labor could offset
the potential economic benefits of CO, fertilization in crop production in Asia and Africa. Our findings emphasize
the importance of addressing heat-stress impacts on agricultural labor through proactive adaptation measures.
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INTRODUCTION

Under scenarios of high greenhouse gas (GHG) emissions,
climate change leads to increasing global temperatures and sig-
nificant changes in precipitation patterns across regions." Agri-
culture is especially exposed to climate risks, but, despite recent
advances in climate and crop modeling, the climate-induced im-
pacts on agricultural productivity remain highly uncertain.>* The
sensitivities of crop models to key drivers of crop yields—such
as carbon dioxide, temperature, water, and nitrogen—vary
significantly across different crop models. On the one hand,
an elevated atmospheric concentration of CO, will enhance
the productivity of many Cjz crops, including wheat, rice, and
soybean, through the CO, fertilization effect.® At high latitudes,
some regions could also experience diminishing temperature
limitations (i.e., longer growing seasons) and higher yields due
to global warming.® On the other hand, crop yields are expected
to decline in regions where critical temperature thresholds are
already exceeded. This applies especially to C4 crops (i.e., car-
bon is fixed initially into a four-carbon compound during photo-
synthesis, rendering its assimilation more efficient). Maize, a
typical C4 crop adapted to drier climates, assimilates CO,
more effectively than C; crops but benefits little from an increase
in atmospheric concentration of CO,. The most recent crop
model simulations based on phase 6 of the Coupled Model Inter-
comparison Project (CMIP6) indicate a high likelihood of
increased yields for soy, rice, and particularly wheat by the mid-
dle of the century, whereas maize yields are expected to
decline.® In addition, the newest scientific evidence shows that
climate change will most likely affect crop productivity sooner
and more strongly than previously estimated.

Furthermore, apart from direct climate-induced impacts on
agriculture (i.e., due to changes in temperature and precipita-
tion), climate change could also indirectly affect agricultural pro-
duction through climate-induced impacts on capacity and pro-
ductivity of labor. Agriculture is one of the most labor-intensive
sectors, where most physical work is done outdoors and thus
is strongly exposed to heat stress.” Under high-warming sce-
narios, heat stress could significantly reduce labor capacity,
especially in the tropics.>° More frequent and severe humid
heat could increase health risks and reduce the capacity for
physical work.'%~'? While shifting working hours could potentially
reduce the heat-induced loss of labor productivity under current
climatic conditions, this adaptation option will become less
effective under future high-warming scenarios as both daytime
and nighttime temperatures increase.’® Several economic
studies showed that the global cost of heat-stress impacts on la-
bor could be considerable.’*'® Recent studies also indicate that
heat-stress impacts on agricultural labor could lead to a non-
negligible global welfare loss.'®'” Heat-stress impacts on labor
could differ substantially across regions due to different levels of
mechanization deployment, with less mechanized regions being
most adversely affected by high temperatures.'®

Since crops are tradable goods, regions could be indirectly
affected through changes in international prices of crops and
processed food products. Hence, not only the direct climatic im-
pacts on crop yields but also the trade position and integration
into international crop and food markets will be important factors
determining food availability and security.'® ' Consequently,
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economic responses to climate impacts on crop productivity
might not necessarily correspond to the direct climate-induced
impacts on yields in a region due to cross-regional and cross-
sectoral economic dependencies.

Here we assess the economic consequences of climate im-
pacts on crop yields for four major crops (i.e., maize, wheat, soy-
bean, rice) and heat-stress impacts on labor under low and high
GHG-concentration scenarios (i.e., Representative Concentra-
tion Pathways [RCPs] 2.6 and 7.0). The biophysical impacts on
labor and crop vyields are derived from the latest global climate
model simulations available from CMIP6°2 and crop model sim-
ulations available from phase 3 of the Global Gridded Crop
Model Intercomparison (GGCMI3).°> Our economic analysis is
conducted using the macro-economic model GRACE (Global
Responses to Anthropogenic Changes in the Environment),”®
which is a multiregional, multisectoral, computable general equi-
librium (CGE). The modeling framework of GRACE can consis-
tently capture cross-regional and cross-sectoral dependencies.
We use a static version of GRACE that assesses economic im-
pacts relative to the state of the world economy in 2011. We
found that adverse heat-stress impacts on agricultural labor ca-
pacity could substantially increase the production cost in Africa
and Asia under the high-emission scenario by the end of the cen-
tury, thereby offsetting a potential economic benefit of the CO,
fertilization. Proactive adaptation measures in the agricultural
sector, such as mechanization deployment, are needed to
reduce the vulnerability to heat stress.

RESULTS

Climate impacts on crop productivity

Using GGCMI3 model output, we calculated the regionally
aggregated changes in future crop yields relative to the average
yields in a historical reference period (1981-2010) for CMIP6’s
SSP1-RCP2.6 and SSP3-RCP7.0 scenarios (hereafter RCP2.6
and RCP7.0; see “experimental procedures” section). There-
after, the projected changes in all four crops were simulta-
neously implemented in the economic model GRACE to assess
the associated impacts on production, food prices, and income
by the middle and end of the century relative to the state of the
world economy in 2011. Figure 1 compares the yield response,
which is derived from GGCMI3 crop model simulations, and
the production response, which is the output of GRACE
including the market effects. The results of our economic
analysis are presented and discussed below. The uncertainty
of economic responses, which is represented by error bars in
the boxplots, is attributed to a combination of different climate
and crop model simulations.

Maize

Most of the crop model simulations show consistent reductions
in maize yields in the most important producer regions, espe-
cially under the high-emission pathway. Under RCP7.0, the
global median reduction in maize yields across the crop model
simulations accounts for 8.4% by the end of the century relative
to the average yield of 1981-2010 (Figure 1A). Climate impacts
on maize yields differ considerably by region and water manage-
ment system (i.e., rainfed and fully irrigated) (Figure S1A).
Adverse climate impacts on maize yields can largely be
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Figure 1. Changes in crop yields and production
Multi-year mean changes in crop yields (left column) and production (right column) of maize (A), wheat (B), soybean (C), and rice (D) by the mid (2041-2070) and
end of the century (2071-2100) under RCP2.6 (blue) and RCP7.0 (red) relative to the historical time period (in percent). Yield response is calculated using the
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explained by accelerated phenological development, which in-
cludes shorter grain-filling periods, more intense and frequent
drought, and a low sensitivity to the CO, fertilization effect (see
Jagermeyr et al.® for details). In contrast to C; crops, maize as
a C4 plant does not experience a direct stimulation of photosyn-
thesis under an elevated CO, concentration. Thus, even under
RCP2.6, maize yields are projected to decline in most regions.
Furthermore, maize is grown across a wider range of low lati-
tudes, where additional warming could reach critical tempera-
ture thresholds by the middle of the century even under RCP2.6.

For most of the crop model simulations, results of the eco-
nomic model GRACE show a robust decline in global production
of maize by the end of the century under both RCPs, especially
under RCP7.0, relative to the state of the world economy in
2011 (Figure 2A). The reduction in global production of maize
is explained by a lower production in the world’s largest maize-
producing regions, such as North America (mostly USA) and
East Asia (mostly China). For East Asia, the difference in produc-
tion responses between RCP7.0 and RCP2.6 is more pro-
nounced than for North America. This is because East Asia is
located at low latitudes and is therefore more exposed to addi-
tional warming. Additionally, South-East Asia experiences a
decline in maize production under RCP7.0 for most of the
climate-crop model combinations. Under both RCP scenarios,
a lower production of maize is associated with higher consumer
prices, especially by the end of the century under RCP7.0 (Fig-
ure 2A). At the same time, the less adversely affected regions,
such as Oceania (mostly Australia) and Central Asia, could expe-
rience an increase in maize production, which potentially dimin-
ishes the price increase in Oceania and Central Asia. Specif-
ically, Oceania shows a relatively strong increase in production
due to an expansion of maize area, since a global increase in
maize prices makes it more profitable to grow maize in Oceania.
As imported and domestically produced crops are assumed to
be imperfect substitutes in consumption, relative changes in
the consumer prices of maize differ by region, depending on
the biophysical yield response and trade position (i.e., net
importer or exporter). For example, Oceania, where most of
consumed maize is produced domestically (Figure S2A), shows
a smaller increase in the consumer price of maize compared to
many other regions. Similarly, Central Asia can even experience
a reduction in the consumer price of maize under both RCPs
because of increased domestic production.

Wheat

In contrast to maize, wheat yields are simulated to increase at the
global level under both RCP scenarios for most of the crop model
simulations (Figure 1B). Higher wheat yields can largely be attrib-
uted to a strong sensitivity to the CO, fertilization effect.> More-
over, wheat is generally cultivated at higher latitudes, where
additional warming is often less harmful or can even lead to yield
increases, as is expected to occur in currently temperature-
limited regions. Also, results of the crop model simulations
show that an increase in yields of rainfed wheat is substantially
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larger than for fully irrigated wheat because the CO, fertilization
effect is strongest under water-limited conditions (Figure S1B).
As a result, for most of the climate-crop model combinations,
the GRACE model simulations show a consistent increase in
global production of wheat under both RCP scenarios, driven
by a higher production in East Asia, South Asia, West Asia,
Oceania, and Eastern Europe (Figure 2B). Under RCP7.0, the in-
crease in global production of wheat tends to be higher than un-
der RCP2.6 due to a substantially higher atmospheric CO, con-
centration. For most of the crop model simulations, North
America, Western Europe, and Africa experience less pro-
nounced increases in wheat yields compared to many other re-
gions, which could result in a decline in wheat production as it
becomes less profitable in these regions. Furthermore, wheat
production will likely decline in South-East Asia due to a decline
in wheat productivity, although, for South-East Asia, domestic
consumption of wheat is satisfied mainly through imports, and
changes in domestic production therefore do not have a sub-
stantial impact on the consumer price in South-East Asia. For
most of the crop model simulations for both RCPs, the regional
consumer prices of wheat are projected to decline due to
increased yields (Figure 2B). However, under RCP7.0, when
driven by climate models with a high equilibrium climate sensi-
tivity (ECS) (i.e., UKESM1-0-LL; see Table 1), some crop models
simulate reductions in wheat yields (see low-end whiskers in Fig-
ure 1B), and thus the GRACE model simulations point to a
possible increase in the regional consumer prices of wheat.

Soybean

Under RCP2.6, results of the crop model simulations also show a
relatively robust increase in soybean yields in most regions
(Figures 1C and S1C), due mainly to the CO; fertilization effect.®
For RCP7.0 compared to RCP2.6, the yield responses are more
uncertain, with a wide range of results across climate-crop
model combinations, but the median responses of regional yield
changes tend to be positive. However, despite relatively strong
climate-induced impacts on soybean yields, results of the eco-
nomic analysis using GRACE show a moderately small impact
on global production of soybean (Figure 2C). This is because a
higher production in Latin America (mostly Brazil and Argentina)
and East Asia (mostly China) is associated with a lower produc-
tion in another large soybean-producing region, namely North
America (mostly USA). An increase in soybean yields in Latin
America is stronger than in North America, which induces a real-
location of soybean production from North to South America.
Despite potential yield increases, Western Europe will most likely
experience a reduction in its domestic production of soybean.
However, European production of soybean is modest, and Eu-
rope is a net importer of soybean from Brazil and USA. For
most of the crop model simulations, soybean production in other
regions, especially Oceania, will increase by the end of the cen-
tury relative to the state of the world economy in 2011. Overall,
the regional consumer prices of soybean will most likely decline
because of higher yields, and the price responses are similar

GGCMI3 crop model ensemble and corresponds to the harvested-area-weighted average of irrigated and rainfed crops. “Production response” is calculated by
the GRACE model considering market effects relative to the state of the world economy in 2011. GRACE simultaneously implements yield shocks for all four
crops. Heat-stress impacts on labor are not included. The boxes show the interquartile range across climate and crop model ensembles. The whiskers show the

variability outside the first and third quantiles, and outliers are removed.
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Figure 2. Changes in crop production and prices
Multi-year mean changes in absolute crop production (left column) and consumer prices (right column) of maize (A), wheat (B), soybean (C), and rice (D) by the mid
(2041-2070) and end of the century (2071-2100) under RCP2.6 (blue) and RCP7.0 (red) relative to the state of the world economy in 2011. GRACE simultaneously

(legend continued on next page)
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Table 1. Overview of scenarios and models

GHG emission scenarios Climate models Crop models Heat-labor exposure-response functions Economic model
SSP1-RCP2.6 GFDL-ESM4 (ECS: 2.6) LPJmL NIOSH GRACE
SSP3-RCP7.0 MPI-ESM1-2-HR (ECS: 3.0)  PEPIC Hothaps
MRI-ESM2-0 (ECS: 3.2) CROVER Laboratory
IPSL-CMB6A-LR (ECS: 4.6) EPIC-IIASA
UKESM1-0-LL (ECS: 5.3) ISAM
LandscapeDNDC
PROMET

ECS stands for the equilibrium climate sensitivity, which determines a long-term temperature increase in response to a doubling of the atmospheric

CO, concentration.

across most regions (Figure 2C). Despite a reduction in domestic
production, North America also experiences a reduction in the
consumer price of soybean under both RCPs, which is associ-
ated with an increased import demand for less expensive soy-
bean from Latin America. While the change in global production
of soybean is substantially less pronounced than for wheat, the
price response is relatively similar. This is because GRACE as-
sumes a less elastic demand for soybean compared to wheat.

Rice

Similar to soybean, under RCP2.6, results of the crop model sim-
ulations show relatively consistent increases in rice yields in the
largest rice-producing regions, while, under RCP7.0, the yield re-
sponses are more uncertain (Figures 1D and S1D). The CO,
fertilization effect is also the main driver behind an increase in
rice productivity. The yield increases of rainfed rice tend to be
larger than for fully irrigated rice (Figure S1D). For most of the
crop-model combinations, results of the economic analysis us-
ing GRACE show a relatively consistent increase in the global
production of rice under RCP2.6, which results from a higher
production in South and South-East Asia (Figure 2D). For
RCP7.0 compared to RCP2.6, relative changes in the global pro-
duction of rice are more uncertain, especially by the end of the
century. Specifically, the future production response of rice in
South-East Asia, one of the world’s largest rice-producing re-
gions, is highly uncertain under RCP7.0. In contrast to other re-
gions, West Asia experiences a consistent reduction in produc-
tivity and production of rice under both RCPs. For most of the
climate-crop model combinations, the economic model shows
a decline in the regional consumer prices of rice, which is driven
by a higher productivity of rice in the world’s largest producer re-
gions (Figure 2D).

Food prices and income

Climate-induced impacts on production and prices of unpro-
cessed crops affect the production cost of food products and
the income of farmers. In the following, we present and discuss
the impact on the food price index and real income (see section
“experimental procedures” for definitions). Overall, the results of
the economic analysis using GRACE show that the climate-
induced impacts on food prices and income are moderately
small for most of the crop model simulations relative to the state

of the world economy in 2011. For example, the interquartile
range (IQR) of changes in the food price index by the end of
the century relative to the baseline does not exceed 2.5%,
and, for real income, does not exceed 0.5% (Figure 3). The
modest responses of food prices and income are explained by
(1) market mechanisms, (2) shares of crops in total production
costs of food products, and (3) shares of food products in total
consumption expenditure. The first implies substitution possibil-
ities in consumption of imported and domestically produced
crops and food products, meaning that, to some extent, trade
smooths out the responses of food prices across regions.
Regarding the cost composition, according to version 9 of the
Global Trade Analysis Project (GTAP9) database®* used in the
economic analysis, the share of all crops in the total production
cost of primary livestock varies across regions from approxi-
mately 5% to 22%, and for processed food products ranges
from 6% to 31%, while the remaining cost is attributed to the
use of other intermediates and value added (Figure S3). In
economically developed regions, the income responses are rela-
tively small because the shares of food products in total con-
sumption expenditures are smaller than in developing regions.
Regarding the region-specific impacts, results of the GRACE
simulations show that, under RCP2.6, most regions, and espe-
cially African and Asian regions, will most likely experience a
moderately small decrease in food prices and an increase in
real income (Figure 3). For RCP7.0 compared to RCP2.6, the
economic impacts are more uncertain, especially by the end of
the century (e.g., in South-East Asia) but are still likely to be
beneficial in terms of lower food prices and higher real income.
The strong adverse impacts on food prices and income are asso-
ciated with a combination of climate models with a high ECS (i.e.,
UKESM1-0-LL; see Table 1) and some pessimistic crop models.
Regarding the uncertainty decomposition for the end-century
global income response, the analysis of variance (ANOVA)
shows that, for RCP2.6 (RCP7.0), around 66% (40%) of variance
explained is attributed to uncertainty related to general circula-
tion models (GCMs), and for crop model simulations it is 19%
(47%) (Figure S4).

Heat-stress impacts on labor
Above, we discussed the economic consequences of direct
climate-induced impacts on the productivity of four major crops,

implements yield shocks for all four crops. The production response is measured in million tonnes (Mt). Heat-stress impacts on labor are not included. The boxes
show the interquartile range across climate and crop model ensembles. The whiskers show the variability outside the first and third quantiles, and outliers are

removed.
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Figure 3. Changes in the food price index and real income

Multi-year mean changes in the food price index (A) and real income (B) by the mid (2041-2070) and end of the century (2071-2100) under RCP2.6 (blue) and
RCP7.0 (red) relative to the state of the world economy in 2011. The price and income responses are driven by climate-related crop yield changes without
considering heat-stress impacts on labor. The boxes show the interquartile range across climate and crop model ensembles. The whiskers show the variability

outside the first and third quantiles, outliers are removed.

driven by changes in temperature, precipitation, and CO, con-
centration. However, agricultural production could also be indi-
rectly affected through human heat-stress impacts. To prevent
heat-induced illness, workers should take more frequent and
longer breaks, which reduces total work hours. Furthermore,
when working under hot weather conditions, heat stress can
reduce labor productivity. Heat-induced losses in labor capacity
make crop production more expensive because farmers need to
hire more workers and/or purchase machinery (e.g., air-condi-
tioned tractors) to cope with a reduced labor capacity. Using
the gridded data on temperature, relative humidity, and solar ra-
diation from CMIP6 climate model simulations and heat-labor
exposure-response functions, we calculated the heat-induced
loss in labor capacity for RCP2.6 and RCP7.0 scenarios (see
“experimental procedures” section). The projected losses in la-
bor capacity were implemented in GRACE. In the following, we
present the economic responses when the heat-stress impacts
on agricultural labor are considered in addition to direct
climate-induced impacts on crop yields.

In all the explored scenarios, heat stress is shown to reduce la-
bor capacity, with the impacts being especially strong for South
and South-East Asia (Figure S5). Introducing the heat-stress im-
pacts on labor capacity results in higher consumer prices of
crops by the middle and end of the century compared to the sce-
nario considering the yield responses alone. While, under
RCP2.6, crop prices show only moderately small increases, un-
der RCP7.0 the prices are substantially higher, especially by the
end of the century (Figure 4). Heat-stress impacts on labor
particularly exacerbate the price increases for maize and signif-
icantly diminish the price decreases for soybean and rice. The in-

1256 One Earth 7, 1250-1265, July 19, 2024

crease in consumer price of maize is especially strong in South
and South-East Asia. For soybean, the price responses in Asia
and Africa are more pronounced by the end of the century
compared to the middle of the century under RCP7.0 relative
to the state of the world economy in 2011, since the heat-stress
impacts become more severe. For South Asia, heat-stress im-
pacts on labor turn a decrease in the consumer price of soybean
into an increase. For rice, the heat-stress impacts on labor turn a
price decrease into a price increase in East and South-East Asia.
The price responses of rice to heat-stress impacts on labor are
relatively strong compared to other crops because rice is mainly
grown in Asian countries, which are at high risk of exposure to
heat stress under high-warming scenarios. For wheat, heat-
stress impacts on labor do not substantially affect the consumer
prices, since wheat is grown across a wide range of high lati-
tudes that are less exposed to heat stress.

As aresult of heat-induced losses in labor capacity in produc-
tion of four major crops, food prices increase in all regions rela-
tive to the price levels when only climate change-induced yield
responses are implemented. Under RCP2.6, for most regions
except South and South-East Asia, the responses of labor
capacity have a moderately small effect on food prices and
real income by the middle and end of the century (Figure 5). In
South-East Asia, even under RCP2.6, heat-induced losses in la-
bor capacity have a relatively strong impact on food prices and
real income. East and South Asia, and especially South-East
Asia, show large shares of rice in total expenditures on crop con-
sumption (Figure S6), and the income response is thus especially
sensitive to changes in rice prices in these regions. Under
RCP7.0, the impacts on food prices become substantially
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more pronounced, especially by the end of the century. For
example, under RCP7.0, almost all regions will likely experience
an increase in food prices (Figure 5). Overall, the response of real
income corresponds to the response of food price, since an in-
crease in food prices results in a decline in real income. By the
end of the century, real income declines in most regions under
RCP7.0. For high-latitude regions, heat-induced losses in labor
capacity are moderately small, as are the impacts on real in-
come, whereas African and Asian countries experience
significantly stronger reductions in real income. Reductions in
real income are especially pronounced when using output from
climate models with a high ECS (Figure S7). In low-income coun-
tries, where wages are the main income source, and food expen-
ditures account for a substantial portion of total income, real
wages can be a more direct measure of welfare changes. As
shown in Figure 5, the impacts on real wages are substantially
more pronounced than those on real income.

The ANOVA shows that, for the end-century global income
response under RCP2.6 (RCP7.0), the GCM-related uncertainty
attributes around 72% (50%) of variance explained, for crop
model simulations it is 15% (38%), and for the heat-labor expo-
sure-response functions it is 0.4% (0.9%) (Figure S4).

Heat-stress impacts also affect the distribution of income be-
tween rural and urban households across regions through mar-
ket mechanisms. Results from the GRACE simulations show
that heat-stress impacts on labor could result in an increase in
the rural-urban income ratio (see section “experimental proced-
ures” for definition), which means a reduction in the income gap
between rural and urban households (Figure S8). This is because
a widespread (global) decline in labor capacity leads to higher
crop prices. As the price elasticities of demand for food products
are relatively low, the positive effect of increased crop prices
tends to be stronger than the negative effect of a reduction in de-
mand and production.”® To compensate for the heat-induced
loss in labor capacity, the demand for agricultural labor in-
creases relative to the historical time period (i.e., no further
climate change), thereby leading to higher wages. Thus, an in-
crease in crop prices is absorbed by an increase in rural income.
Results of the GRACE simulations show that a higher demand for
labor due to heat-induced losses in labor capacity is associated
with a relocation of labor from non-agriculture to agriculture in
many regions. A negative correlation between agricultural pro-
ductivity and labor demand was also founded in an empirical
study from Liu et al.?®

Beyond the major crops

Above, we evaluated the economic responses of climate im-
pacts on only four major crops (i.e., maize, wheat, soybean,
and rice). However, other crops are also an important source
of nutrition and income in many countries. In particular, vegeta-
bles and fruit, whose production is also labor intensive, account
for a large share of total consumption expenditures as well as a
large share of value added in the gross domestic product (GDP)
in African and Asian countries (Figure S6). In an additional simu-
lation using GRACE, we introduce the heat-stress impacts on la-

One Earth

bor capacity in production of all types of crops, including grains,
vegetables, and fruits in addition to four major crops. Due to a
lack of data, following Miiller and Robertson,?” we assume that
the yield responses of other crops equal the average yield
response of three major C3 major crops (i.e., wheat, soybean,
rice). We found that, when implementing the climate-induced im-
pacts on all types of crops, the decreases in food prices and the
increases in real income are larger compared to those when only
productivity of four major crops is affected by climate change.
This is because the CO, fertilization effect results in higher pro-
ductivity and, therefore, lower consumer prices of other crops
(i.e., vegetables and fruit) (Figure S9). However, the heat-induced
losses in labor capacity diminish the decreases in food prices,
especially in Asia and Africa (Figure S10). This emphasizes that
the adverse heat-stress impacts on agricultural labor could
have a non-negligible impact on the welfare of households in
the most vulnerable low-latitude, low-income regions under
high-warming scenarios.

While the modeling framework of GRACE endogenously de-
picts the mechanization of crop production through substitution
between labor, land, and capital, results from the GRACE simu-
lations show that, due to budget constraints, many farmers
cannot afford to fully mechanize crop production. In an addi-
tional sensitivity experiment, we implement more proactive
mechanization at no cost by assuming that work intensity in
crop production is equivalent to an average work intensity in
the service sector, which implies a low intensity of physical
work (see section “climate labor shifters”). Results of this sensi-
tivity experiment show that such a radical mechanization of crop
production would significantly reduce the adverse heat-stress
impacts on food prices and income (Figure S10). However, a
more proactive mechanization deployment would also require
massive investment costs and government support, which could
be financially infeasible in poor regions due to fiscal constraints.

DISCUSSION

The separate and combined climate-induced impacts on agri-
culture are highly uncertain. Most previous studies have primarily
focused on the direct climate impact on crop vyields, while ne-
glecting the effects of human heat stress on agricultural labor.
Here we assess the economic consequences of future climate-
related impacts on the production and prices of four major crops
under both low- and high-emissions scenarios. Our economic
analysis uses the latest crop model simulations, based on
CMIP6. These simulations reveal significantly greater crop yield
responses to climate change compared to previous ones based
on CMIP5.2 The results of our economic analysis show no robust
evidence of welfare losses due to climate change-induced im-
pacts on crop productivity. This contradicts the findings of
some previous global economic studies based on a meta-anal-
ysis compiled for the Intergovernmental Panel on Climate
Change (IPCC) 5th Assessment Report.' %2829 While maize pro-
ductivity will most likely decline in most regions even under a
low-emission scenario, crop model simulations indicate a high

models, and heat-labor ERFs. The circles in shades of green labeled “Crop response” show the scenarios that only consider the climate-related yield responses
of the four crops. The triangles in shades of orange labeled “Crop&Labor response” show the scenarios that consider both yield changes and heat-stress impacts

on labor of the four crops.
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Figure 5. Changes in the food price index, income, and wages

Median responses of the food price index (A) and regional real income (B) and real wages (C) by the mid (2040-2070) and end (2071-2100) of the century under
RCP2.6 (green) and RCP7.0 (orange) relative to the historical time period. The income and price responses are simulated using the GRACE model and show the
median changes across GCMs, crop models, and heat-labor ERFs. The circles in shades of green labeled “Crop response” show the scenarios that only consider
the climate-related yield responses of the four crops. The triangles in shades of orange labeled “Crop&Labor response” show the scenarios that consider both
yield changes and heat-stress impacts on labor of the four crops.

One Earth 7, 1250-1265, July 19, 2024 1259



¢ CellPress

OPEN ACCESS

probability of an increase in yields of wheat, soybean, and rice
even under a high-warming scenario. An increase in crop pro-
ductivity will result in higher production and lower consumer pri-
ces. The CO, fertilization effect is one of the main reasons for
higher crop yields. The primary divergence between our findings
and those of previous studies likely comes from the selection of
crop models. de Lima et al.® and Moore et al.?*?° conducted a
meta-analysis, incorporating published yield response estimates
from various sources to develop climate-yield response func-
tions. Their meta-analysis likely relies on a different ensemble
of crop projections, which show significantly more pessimistic
outcomes compared to our own. The selection of crop models
(ensembile) for projecting yields in response to climate and atmo-
spheric CO, changes significantly influences the projected
ensemble mean yield response.**°

Although crops are imperfect substitutes in consumption,
the results of our analysis show that the total impact on
food prices and household income is moderately small and
likely positive in many regions, which is in line with some pre-
vious studies.'”®" Nevertheless, for climate models with high-
end warming levels and more pessimistic crop models, which
represent the extreme ends of the distribution, the adverse
warming effect could dominate the CO, fertilization effect.*?
This emphasizes the relevance of uncertainty ranges in
climate and crop responses (i.e., different warming and crop
yield responses to the same CO, concentration). The CO,
fertilization effect still introduces one of the largest sources
of uncertainty for the end-century yield responses under
high-emissions scenarios.’

Furthermore, we found that human heat stress could have a
relatively strong impact on food prices and income compared
to the direct climate-induced impact on crop productivity.
Crop production, and especially rice production in low-latitude
regions with low mechanization, is expected to be most
adversely affected by heat stress. While the labor responses to
heat stress are modest by the middle of the century under
both RCP scenarios, the end-century impacts become substan-
tially more adverse under a high-warming scenario. More proac-
tive adaptation measures, such as mechanization deployment,
will be needed to reduce the heat-induced losses of labor capac-
ity in agriculture. However, the cost of adaptation might be larger
under a high-emission scenario, especially in a world facing a
high level of regional poverty and inequality. We also found
that higher prices of crops could reduce the income gap be-
tween rural and urban households in some regions, because
the positive price effect could be greater than the negative pro-
duction effect. However, the income response will also depend
on farm size, adaptive capacity, and how income is distributed
between farm workers and landowners. In regions with high
inequality and poor governance, the income could be dispropor-
tionally distributed in favor of landowners.>*** Moreover, mainly
large farms could benefit from higher crop prices, whereas small
farms might not be able to cope with adverse heat-stress im-
pacts. Overall, human heat stress could not only lead to adverse
health impacts but could also challenge the implementation of
sustainable development goals (SDG) on poverty and food secu-
rity (i.e., SDG1 and SDG2). Restrictive agricultural trade policies,
such as export restrictions on crops, which can be implemented
to ensure domestic food security in response to temporal in-
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creases in food prices, could aggravate an increase in food pri-
ces in importing countries.®>’

This study has some caveats and limitations that need atten-
tion in future research. While the mid-century economic impacts
are relatively similar between RCP2.6 and RCP7.0, the end-cen-
tury impacts based on RCP7.0 might be overestimated in our
economic analysis. Based on current nationally determined con-
tributions, RCP4.5 and 6.0 appear to be more realistic future sce-
narios than RCP7.0. However, the latest crop model simulations
are available only for RCP2.6, RCP7.0, and RCP8.5. Climate and
crop models might underestimate the impacts of climate ex-
tremes.®®3° The positive yield response due to enhanced CO,
could also be overestimated because the crop model simula-
tions do not include any impact of ozone changes. In the near
term, the adverse ozone effect could be stronger than the CO,
fertilization effect.”’ In contrast to crop models, GRACE explicitly
implements several adaptation measures, such as irrigation
expansion, input substitution in production, and land-use
change but at a highly aggregated regional and sectoral scale.
In this analysis, we investigate the economic responses to
long-term climatic trends, while the impacts of climate extremes
(i.e., drought and extreme precipitation) are beyond the scope of
this study. In the long term, market mechanisms could smooth
and diminish adverse climate impacts on food prices. Neverthe-
less, the market mechanisms do not apply for remote regions
without access to the market. Moreover, in the short term, the
market mechanisms and adaptation could be hampered by mar-
ket imperfection and inertia in the economic system.*' Climate
impacts on the welfare of subsistence farmers are not quantified
in our economic analysis. A combination of macro- and micro-
economic analyses could give useful insights into potential
impacts on poverty and income distribution across different in-
come groups. Furthermore, we investigate only adverse heat-
stress impacts on labor, while a warmer climate could lead to a
higher labor capacity in high-latitude regions. More empirical
research is needed to estimate region- and sector-specific
exposure-response functions for climate-related impacts on ca-
pacity and productivity of labor. Due to a lack of data, our anal-
ysis focuses on the four major crops. Future research should
include non-staple crops because these are an important source
of nutrition and income.*? Climate-induced migration across
regions, which could also induce considerable socio-economic
effects, is not implemented in the economic model. Our analysis
relies on a static version of GRACE, which evaluates
economic impacts relative to the state of the global economy
in 2011. However, future economic impacts may significantly
differ due to socio-economic shifts, particularly technological
advancements such as mechanization. In this context, our eco-
nomic analysis can overestimate the economic cost of heat
stress by the end of the century. In future research, this can be
tackled by creating sector-specific projections for agricultural
production and trade, along with dedicated mechanization
pathways.

In our analysis, we use daily mean values of climate variables
to quantify the heat-stress indices and labor capacity. This
approach does not consider the diurnal cycle of climate vari-
ables. To assess the sensitivity of the results to this limitation,
we compare labor capacity based on daily mean and disaggre-
gated hourly climate data®® assuming a 7 a.m. to 7 p.m. workday
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Figure 6. The flowchart of key processes in the GRACE model

Circular flows of economic activities and climate-economic interactions within a region (country) in GRACE. The climate component is not an endogenous part of
GRACE’s economic optimization. Biophysical climate-induced shocks are derived from climate and impact models and exogenously incorporated into GRACE,
meaning that the feedback effects of the economy on climate are not accounted for.

without considering shifts in working hours (see supplemental in-
formation). The comparison is carried out at 30 locations glob-
ally, representing major agricultural regions (Figure S11). We
find that using daily mean values leads to an underestimation
of the heat-induced impacts on labor capacity. The degree of
underestimation varies by location and season, with the largest
deviations occurring in the warm seasons in high latitudes (Fig-
ure S12). Despite some limitations, the results of this study
emphasize the relevance of human heat stress in agricultural
production for food security and highlight the need for more
proactive adaptation measures to reduce the health risk and
economic costs of heat-stress impacts on agricultural labor.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests should be directed to and will be fulfilled by
the lead contact, Anton Orlov (anton.orlov@cicero.oslo.no).

Materials availability

This study did not generate new unique materials.

Data and code availability

Data to calibrate the GRACE model were obtained from GTAP9: https://www.
gtap.agecon.purdue.edu. The code of the GRACE model and simulation re-
sults presented and discussed in this study are available upon request.
The biased-adjusted daily Inter-Sectoral Impact Model Intercomparison
Project (ISIMIP) CMIP6 data for near-surface daily mean temperature and rela-
tive humidity are publicly accessible at https://data.isimip.org/search/tree/

ISIMIP3b/InputData/climate/simulation_round/ISIMIP3b/. The crop model
simulations are publicly accessible at https://www.isimip.org/outputdata/?
simulation_round=ISIMIP3b.

Methodology

Economic model

To assess the economic responses to climate impacts on crop yields and labor
capacity, we used a standard multiregional and multisectoral CGE model:
GRACE .?® A detailed description of GRACE can be found in Aaheim et al.”*
GRACE describes the economic interactions associated with production, con-
sumption, and trade of commaodities, products, and services (Figure 6) based
on the GTAP9 database.”* GTAP9 represents the economic interactions (i.e.,
production costs, consumption expenditures, and bilateral trade flow) be-
tween producers and consumers. GTAP9 data are compiled using regional
input-output tables. In the model, producers are assumed to maximize profit
subject to resource and technology constraints, and consumers are assumed
to maximize welfare (utility) from consumption of goods and services subject
to budget constraints. The main economic equilibrium conditions are (1) mar-
ket clearance (i.e., demand equals supply), (2) zero profit (i.e., production rev-
enue equals production cost), and (3) income balance (i.e., income equals ex-
penditures). In this study, we used a modified version of GRACE with a more
sophisticated depiction of the agro-economy,‘7 a description of which can
also be found in the supplemental experimental procedures. The main agro-
economic features implemented in the model are (1) conversion costs of
land-use change and (2) an explicit representation of two water management
systems (fully irrigated and rainfed). In the model, production of crops could be
increased through both land-use change and intensification but constrained
by resource availability (i.e., labor, capital, land, and water). In GRACE, the
regional production and prices are determined not only by direct climate im-
pacts on yields but also by market mechanisms. The latter are associated
with the interaction between demand and supply, and cross-sectoral and
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cross-regional dependencies. Also, the competition for land among different
types of crops affects the production patterns. Hence, the market mecha-
nisms might cause non-trivial production and price responses to direct climate
impacts. In GRACE, domestically produced commodities are supplied to do-
mestic and export markets. Applying the Armington approach,* which is
widely implemented in standard CGE models, domestic and imported com-
modities are modeled as imperfect substitutes using the constant elasticity
of substitution (CES) functions. Imperfect substitutability between imported
and domestic crops implies that crops have different characteristics and qual-
ity, so consumer prices of crops are region specific (i.e., no single global price).
The values of substitution elasticities between imported and domestic com-
modities are taken from the GTAP database. Since major crops are relatively
homogeneous goods, the values of substitution elasticities are higher than
for manufactured goods. Furthermore, agricultural and non-agricultural
goods are modeled as imperfect substitutes. We assume an imperfect mobility
of labor across sectors, which is implemented using a constant elasticity of
transformation (CET) function, but labor is immobile across regions (i.e., no
migration). Capital is mobile across sectors and regions. The conversion
cost of land-use changes is depicted by a nested-CET function. While total
land availability is constrained, land use for different types of crops and
pasture is endogenously determined in GRACE by market mechanisms. We
used a static version of the model, which implies that economic impacts are
estimated relative to the reference year of 2011. For our economic analysis,
we aggregated the monetary values of consumption expenditures, production
costs, and trade flows of all countries presented in the GTAP database into 11
world regions (Figure 7; Table S1). Price responses of wheat, which are simu-
lated by GRACE, were validated against historical data in Zhang et al.*®
GRACE was also validated through theoretical modeling and sensitivity ana-
lyses with respect to key parameters of the model (i.e., substitution elasticities
in production and consumption).*®

Our economic impact assessment was conducted for two GHG emission
scenarios: CMIP6’s SSP1-RCP2.6 and SSP3-RCP7.0 (hereafter RCP2.6 and
RCP7.0, because only climate component is considered in our analysis)."”
The former implies a strict mitigation policy, which leads to an increase of
global annual mean surface temperature below 1.3°C-2.4°C by the end
of the century relative to 1850-1900. The latter is associated with a 2.8°C—
4.6°C increase of global annual mean surface temperature due to higher
GHG emissions." Using GRACE, we conducted two simulations per scenario.
First, we incorporated the biophysical crop yield changes derived from the
crop model ensemble.® Second, in addition to the climate impacts on crop
yields, we introduced the heat-stress impacts on labor capacity.

GRACE quantifies the climate-induced impacts on regional production and
consumer prices of crops, food prices, and income. A regional consumer price
of crop is calculated as a consumption-weighted price of import and domestic
crops. The total impact on food prices is measured by a food price index,
which is a consumption-weighted average price of a basket of food products.
An increase (decrease) of crop productivity in a region tends to lead to lower
(higher) regional food prices. GRACE is a multi-region and multi-sector model
that shows the changes in equilibrium prices. Thus, changes in crop produc-
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Figure 7. Regional aggregation in GRACE

tivity in outermost regions could also affect regional
food prices because of trade. The impact on food
prices also depends on the trade position (i.e., net
exporter vs. importer of crops) as well as demand
elasticities for crops and food products. Moreover,
) the production and price of a crop depend on how
o= ¥ other crop types are affected by climate change
because of competition for land. Real income is a
nominal income deflated by the consumer price in-
dex (CPI). Nominal income includes earnings from
providing primary production factors such as labor,
capital, land, and other natural resources. These
earnings are subsequently allocated toward both
consumption and savings. For each region, con-
sumers are modeled by a representative household. In our analysis, real in-
come is used as a welfare index because it accounts for both changes in con-
sumer prices and income. We also assess the impact on real wages, which
serves as another indicator of welfare. Real wages measure the purchasing
power of wages and are computed by taking the economy-wide average
wage and adjusting it for inflation using the food price index. Moreover, to
analyze potential impacts on income distribution between rural and urban
households, based on results from the GRACE simulations, we compute a ru-
ral-urban income ratio, which quantifies changes in rural income relative to ur-
ban income. Rural income is defined as the weighted average income from the
agricultural sector, and urban is the weighted average income from non-agri-
cultural sector. We use the initial shares of income from labor, capital, and land
as a weighting factor.
Climate-yield shifters
The projected yield changes of four major crops (i.e., maize, wheat, soybean,
and rice) are taken from the GGCMI3 crop model simulation archive.*® We
used the crop yield simulations from an ensemble of seven crop models,
driven by five CMIP6 climate models, which are down-scaled and bias
adjusted by ISIMIP (Table 1). Crop model simulations provide crop yields for
two water management regimes: rainfed and fully irrigated. Fully irrigated
means that there are no water availability constraints for crop irrigation and
the models apply as much water as was requested by the plants. While 12
crop models participated in GGCMI3, only seven crop models provided simu-
lations for RCP7.0. We take RCP7.0 as a high-end GHG emissions scenario as
RCP8.5 has recently been criticized for being unrealistic.’® The ensemble of
climate models covers the range of ECS of the full CMIP6 ensemble, with a
range of 2.6-5.3.°° We used crop model simulations that explicitly consider
changing atmospheric CO, concentrations depending on the RCP scenario.
All crop model simulations implement fixed 2015-year direct human influences
(i.e., land use, nitrogen deposition, and fertilizer). The new generation of crop
models distinguish between winter and spring wheat, and two rice seasons
(i.e., first and second growing period), while the GTAP database used in our
analysis provides aggregated annual economic values. Therefore, we calcu-
lated the yield responses of wheat and rice using the maximum values of winter
and spring wheat and two rice seasons, respectively. Because GRACE is
resolved at an aggregated regional scale (Figure 7), we aggregated the
spatially explicit data on crop yields at a 0.5° x 0.5° geographic grid resolution
to the same regions represented in GRACE using crop-specific harvested
area”' as a weighting factor. Then, the harvested-area-weighted yields were
smoothed using the method of rolling averages to obtain long-term trends of
climate-induced changes in crop productivity. Finally, for each crop type, wa-
ter management system (i.e., rainfed and fully irrigated), RCP, and climate and
crop model combination, we calculated the changes in crop yields in future
scenarios relative to the average yields in a reference period (1981-2010)
(hereafter, the climate yield shifters). The climate yield shifters were used in
GRACE as scaling factors for total factor productivity of crop production.
The climate yield shifters include the crop yield response to changes in both
atmospheric CO, concentrations and climatic variables (i.e., temperature
and precipitation). Note that all crop model simulations isolate the climate
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Figure 8. Heat-labor ERFs showing the relationship between labor
capacity and environmental stress index (ESI) for high work intensity

signal and do not assume any adaptation measures or changes in manage-
ment. However, some adaptation measures, such as irrigation; land-use
change; mobility of capital and labor; and substitution between capital, labor,
and land, are endogenously implemented in GRACE.

Climate labor shifters

The heat-stress impacts on labor capacity were quantified using the wet-bulb
global temperature (WBGT) and the environmental stress index (ESI). The
WBGT measures a combined effect of temperature and humidity on heat
stress in shade (i.e., shielded from the sun), while the ESI also includes the
additional effect of solar radiation. Specifically, the WBGT was computed us-
ing the biased-adjusted daily ISIMIP CMIP6 data on near-surface daily mean
temperature (tas) and relative humidity (hurs) by applying the empirical model
from Stull>® (Equations 1 and 2). To calculate the ESI, we applied the empirical
model from Moran et al.>® using the data on near-surface daily mean temper-
ature, relative humidity, and surface downwelling shortwave radiation (rsds)
available from the same CMIP6 climate models used in the crop model
simulations (Equation 3). ESI is found to be an accurate approximation for
more precise iterative methods to calculate WBGT for outdoors.**>°

WBGTspage = 0.67 x WBTgy +0.33 x tas (Equation 1)

WBTgu = tas x atan (c1 * \/hurs+c2) + atan(tas + hurs)

—atan(hurs — ¢3) +c4 (hurs%) + atan(c5 x hurs) — c6

(Equation 2)

ESI = 0.63 « tas — 0.03 x hurs + 0.002 x rsds + 0.0054 x tas x hurs
0.073
- <0.1+rsds>
Using the WBGT and ESI, labor capacity was computed applying three heat-
labor exposure-response functions (ERFs). One is based on field studies,
which were synthesized for the “high occupational temperature health and
productivity suppression” program (Hothaps).”®>” Another one is derived
from the National Institute for Occupational Safety and Health (NIOSH) stan-
dards.®®°° The third is based on an experiment trial where physical work
was simulated using treadmill-based walking (hereafter, Laboratory ERF).®°
For our economic analysis, we used the mean values of labor capacity levels
estimated for indoor (WBGT) and outdoor (ESI) work environment, because
workers try to avoid full sun exposure by moving some tasks to times when
it is less hot. Moreover, in the tropics, ~40% of days are cloudy.® Using three
ERFs (i.e., Hothaps, NIOSH, and Laboratory) aims to capture uncertainty
ranges of heat-stress impacts on labor (Figure 8). The NIOSH, Hothaps, and
Laboratory ERF do not consider any adaptation, but GRACE assumes mobility

of capital and labor as well as substitutability between capital and labor (i.e.,
mechanization). Moreover, shifting working hours is also implicitly included

(Equation 3)
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in our analysis because daily mean values of climate variables are used to
compute the heat-induced impacts on labor capacity.

We computed the heat-stress impacts on labor capacity for three levels of
work intensity (i.e., high, moderate, and low work intensity). For the core sim-
ulations of GRACE, a moderate work intensity in crop production is assumed
for North America, Western Europe, Oceania, and Eastern Europe because
these regions are relatively mechanized. For all other regions, crop production
is assumed to require a high work intensity. For a sensitivity test on more pro-
active mechanization, we used the estimates for low work intensity, which is
equivalent to work intensity in the service sector. The heat-stress impacts
on labor were calculated for each RCP and climate model using a similar pro-
cedure as for crops: (1) we aggregated the daily heat-stress impacts on labor
to annual average values using the crop calendar for GGCMI3*® as a weighting
factor, then (2) aggregated the spatially explicit impacts to 10 world regions
represented in GRACE using the harvested area as a weighting factor; (3)
we calculated the rolling averages; and finally (4) we computed the changes
in labor capacity in future projections relative to the average level of labor ca-
pacity in the reference scenario (1981-2010) (hereafter, the climate labor
shifters). The climate labor shifters were used in GRACE as the scaling factors
for labor productivity in crop production.
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