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Background: Land-use and land-cover change (LULCC) can substantially affect climate through biogeochemical and biogeophﬁ
cal effects. Here, we examine the future temperature—mortality impact for two contrasting LULCC scenarios in a background climate
of low greenhouse gas concentrations. The first LULCC scenario implies a globally sustainable land use and socioeconomic develop-
ment (sustainability). In the second LULCC scenario, sustainability is implemented only in the Organisation for Economic Cooperation
and Development countries (inequality).

Methods: Using the Multi-Country Multi-City (MCC) dataset on mortality from 823 locations in 52 countries and territories, we esti-
mated the temperature-mortality exposure-response functions (ERFs). The LULCC and noLULCC scenarios were implemented in
three fully coupled Earth system models (ESMs): Community Earth System Model, Max Planck Institute Earth System Model, and
European Consortium Earth System Model. Next, using temperature from the ESMs’ simulations and the estimated location-specific
ERFs, we assessed the temperature-related impact on mortality for the LULCC and nolLULCC scenarios around the mid and end
century.

Results: Under sustainability, the multimodel mean changes in excess mortality range from —1.1 to +0.6 percentage points by
2050-2059 across all locations and from —1.4 to +0.5 percentage points by 2090-2099. Under inequality, these vary from —0.7 to
+0.9 percentage points by 2050-2059 and from —1.3 to +2 percentage points by 2090-2099.

Conclusions: While an unequal socioeconomic development and unsustainable land use could increase the burden of heat-related
mortality in most regions, globally sustainable land use has the potential to reduce it in some locations. However, the total (cold and
heat) impact on mortality is very location specific and strongly depends on the underlying climate change scenario due to nonlinearity

in the temperature-mortality relationship.
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Introduction

Climate change can substantially affect human morbidity and
mortality. Empirical evidence suggests that climate change alone
would decrease cold-related deaths and increase heat-related
deaths.! The total impact on temperature-related mortality is
often unclear as it depends on the magnitude of warming and
the temperature-mortality relationship, which is generally found
to be U-shaped (convex) and region specific. Future global-
scale projections of temperature-related mortality, which are
typically based on regression models estimated using observed
location-specific temperature-mortality data and projected
using temperature simulated by global climate models, pro-
vide spatially heterogeneous results regarding the total climate-
induced impact on mortality across regions.'?

What this study adds:

Numerous environmental epidemiological studies have inves-
tigated the temperature-related mortality impact of changes in
global greenhouse gas concentrations. However, more scien-
tific evidence is needed on the temperature-related impacts of
land-use and land-cover change (LULCC) on human health.
An effective climate policy to achieve the targets of the 2015
Paris Agreement requires a substantial transformation in the
land sector. Based on recently developed land-use scenarios, this
interdisciplinary study contributes to the literature by assessing
the temperature-related mortality impacts induced by LULCC
using three Earth system models and the most comprehensive
exposure-response functions.
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Most global-scale epidemiological studies focusing on human
health impacts of climate change, such as Gasparrini et al' and
Vicedo-Cabrera et al,’ investigate the future temperature-related
impact on mortality for different global greenhouse gas (GHG)
emissions trajectories using the Representative Concentration
Pathway (RCP) framework.* However, less is known about
the temperature-related impacts on human health induced by
land-use and land-cover change (LULCC), especially on a global
scale.’ Few impact studies have assessed the deforestation-
induced impact on heat stress and labor capacity,*” and even
fewer studies have specifically investigated the regional impact
of land-use change on mortality. For example, Wolff et al'
assessed the impact of deforestation and climate change on
mortality and unsafe work conditions in Berau (Indonesia) and
found that deforestation in Berau increased heat-related deaths
by 7.3%-8.5% (or 101-118 additional deaths per year) in 2018.

At the same time, agriculture, forestry, and other land use
(AFOLU) is considered an important sector in mitigation policy.
An effective climate policy to achieve the Paris Agreement tar-
gets would require a substantial transformation in the AFOLU
sector (e.g., reduced deforestation and increased reforesta-
tion). Substantial changes are anticipated to meet the needs of
food and fiber for an increasing and more affluent population
while requiring climate services such as CO, removal. The cli-
mate response to land-use changes is complex, acting via var-
ious mechanisms and at local to global scales. Apart from the
biogeochemical effect (i.e., release or uptake of CO, and other
greenhouse gases to or from the atmosphere), LULCC can also
induce biogeophysical effects, such as alteration of local energy
and water fluxes at the land surface, and their interaction with
large-scale atmospheric dynamics.'? Climate model simulations
and satellite-based observations show that the biogeophysical
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through the European Union’s Horizon 2020 research and innovation program
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effects of LULCC could substantially affect the climate.!>!*
Moreover, the biogeophysical effects of LULCC can not only
change the climate locally but can also affect the climate in
regions where no LULCC occurred through atmospheric circu-
lation processes.'* !¢

Thus, LULCC can have a substantial impact on climate, which
in turn can translate into a modification of the temperature-
related mortality burden. Using the output from three fully
coupled Earth system models (ESMs) and exposure-response
functions (ERFs) derived using the most globally comprehen-
sive mortality dataset to date, we assessed how LULCC could
affect the human mortality in different world regions through
LULCC-induced changes in temperature (i.e., biogeochemical
and biogeophysical effects). Potential changes in vulnerability
and adaptation are out of scope of this study.

Data and methods

Earth system models simulations

Our analysis is based on three simulations conducted by each of
the three ESMs: the Community Earth System Model (CESM)
Version 2.1.3,"7 the Max Planck Institute Earth System Model
(MPI-ESM) Version 1.2,'® and the European Consortium Earth
System Model (EC-Earth) Version 3. For each ESM, a control
simulation is run for the time period of 1980-2099 using GHG
concentrations from the RCP1.9 scenario as forcing data.?
RCP1.9 describes a climate trajectory where an increase in the
radiative forcing from GHG is limited to 1.9 W/m? above pre-
industrial levels, which is associated with a global mean tem-
perature increase of below 1.5 °C. For this control simulation,
land use and land cover are kept constant at 2014 levels of the
Land-Use Harmonization (LUH2) dataset (hereafter, the control
simulation is referred to as noLULCC scenario).?! Building up
on the noLULCC scenario, ESMs implement two contrasting
land-use and land-cover scenarios, referred to as sustainability
and inequality (Figure 1), which are derived from the agroeco-
nomic model MAgPIE described in Humpendder et al*? and are
run for the time period of 2015-2099.

The sustainability scenario assumes a global implementation
of (1) pricing of GHG emissions from the AFOLU sector; (2)
strict environmental protection measures (for land, water, and
nitrogen input), and (3) an inclusive economic development (i.e.,
low population growth, and high economic growth) together
with shifts to healthy diets. In the sustainability scenario, socio-
economic assumptions including population and income follow
the Shared Socioeconomic Pathway 1 (SSP1),>>** while dietary
patterns transition to the EAT-Lancet planetary health diet by
2050.%

In contrast, the inequality scenario describes a world where
sustainable land use is implemented only in the Organisation
for Economic Cooperation and Development (OECD) coun-
tries. In this scenario setting, (1) AFOLU GHG emission pricing
and (2) strict environmental protection remain limited to OECD
countries. Furthermore, socioeconomic assumptions includ-
ing dietary patterns in the inequality scenario follow SSP4,%
which is characterized by highly unequal developments between
high-income countries (i.e., low population growth, high eco-
nomic growth) and middle- and low-income countries (i.e., high
population growth, low economic growth). All simulations are
initialized thrice, thereby building three ensemble members for
each ESM. This is done by initiating the ESM simulations from
three different historical simulations (histctl) in MPI-ESM and
EC-EARTH, in CESM only two such simulations were available
thus a third member was generated by adding a slight perturba-
tion to the initial conditions.

The land-use patterns simulated by the MAgPIE model
(Humpenoder et al??) were harmonized within the common
data format used in the Land Use Harmonisation (LUH) project
(Hurtt et al*!) and then implemented in the ESMs to simulate the


http://www.ag-myresearch.com/r-code.html
www.environepidem.com
mailto:anton.orlov@cicero.oslo.no
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

8/ +AAOANDYMBRAAAAVO/FIAEIDPIASALLIAIPOOAEIEAHIDIN/AOAUMYTXOMADY

OINXYOHISABZIYTCH+BYNIOITWNOIZTABNHAISINAUE AQ WapidauoiAue/wWod mm| sfewinol//:dny woij papeojumod

¥¢0¢2/S0/1T uo

Orlov et al. e Environmental Epidemiology (2024) 8:e337

www.environmentalepidemiology.com

f

v

Assumptions: Categories: Inequality: Sustainability: N\ Scenario assumptions:
Population w | population, income, diet
Income SSP4 SSP1 T :
; Timber demand !
Sustalnable Agro-economic model |:> :
LEmENE Diet SSP4 EAT-Lancet \ !
; limited to 20% of S, S
Food waste no constraint ™
food supply { Land-use patterns
Animal waste management L nne i e ] i : :
. OECD90+EU regions (—— :> :
Environmental Fertllizer eficlencs improved in improved in all CESM, MPI-ESM, EC-Earth I
Protection 4 OECD90+EU regions ",
Land protection (WDPA-FH+BH) QOECD90+EU all regions Temperature )
0 | .
AFOLU GHG price I
GHG Price OECD90+EU all regions MCC temperature-mortality :
Afforestation CO2 price e m——
/ i

. v :
“Future temperature-related |
mortality impacts

Figure 1. Schematic presentation of the two LULCC scenarios (inequality and sustainability) and modeling interface. The scenarios are described in detail in

Humpenoder et al.?

associated climatic responses (Figure S1; http:/links.lww.com/EE/
A302). Specifically, the ESMs’ simulated 3-hourly near-surface
temperatures were aggregated to daily mean levels before assess-
ing the impacts on future mortality (described further in “Excess
mortality due to cold, heat, and total (cold plus heat)” section). It
is important to emphasize the choice of the RCP1.9 scenario that
forms the basis of the ESMs’ simulations in our analyses. The radi-
ative forcing levels (or greenhouse gas concentrations) defining this
pathway limit global warming to levels compatible with the Paris
Agreement and are lower than other RCP scenarios frequently
used in climate science, such as RCPs 2.6, 4.5, 3.7, and 8.5. This
means that the temperature response to land-cover changes relative
to global warming in the sustainability and inequality scenarios is
larger than in higher-emission scenarios.

Description of the epidemiological framework
Mortality data

The historical temperature—mortality relationship is estimated
using a time-series regression model fitted on the daily mor-
tality data collected by the Multi-Country Multi-City (MCC)
Collaborative Research  Network  (https:/mccstudy.Ishtm.
ac.uk/). The MCC data used in this study include: (1) a total of
121,422,567 daily mortality counts from all causes or nonex-
ternal causes (International Classification of Diseases, ICD-9:
0-799; ICD-10: A00-R99) across 52 countries and territories,
gathered over 823 locations (mainly cities and in some instances
wider geographic scales such as districts, smaller regions and
prefectures) (Figure 2 and Table S1; http://links.lww.com/EE/
A302), and (2) daily near-surface mean air temperature (T,
units: °C) gathered from the local weather stations. Since the
MCC data are available for different time intervals across coun-
tries, the daily mortality time series in this study span largely
overlapping time periods between 1985 and 2021, with the
shortest being 4 years (2013-2016) for Panama and the lon-
gest being 36 years (1985-2020) both for Israel and Japan. In
addition, other location-specific meta-variables gathered by the
MCC and used in this study include weather indices derived
from the series of T, (e.g., average and range of temperature
across the whole study period), climatological zones based on
the Koppen—Geiger classification,?” and country-specific gross
domestic product (GDP) per capita. Further details on the MCC
data collection and summary statistics are provided in Table S1

and S2; http://links.lww.com/EE/A302, as well as documented
in previous studies.'?*

Two-stage empirical framework

We applied the well-established two-stage modeling frame-
work to estimate the location-specific temperature—-mortality
associations across the 823 locations covering a wide range of
climates and socioeconomic conditions. The methodology is
described in detail in previous studies’*!?%?° and elaborated
further in supplementary information. In brief, location-specific
temperature—mortality association was first estimated through
time-series analyses, with quasi-Poisson regression, distributed
lag nonlinear models for temperatures, and additional terms
to capture confounding. Second, the location-specific asso-
ciations were then pooled with a multivariate random meta-
regression model that includes the meta-predictors described
earlier. This meta-regression model is then used to derive the
best linear unbiased predictions (BLUPs) for each location.’
The flexible modeling framework allows for nonlinear/lagged
responses, separation of effects due to cold/heat and moderate/
extreme temperature, and heterogeneity of estimates at various
geographical levels. Further details on the empirical framework
are provided in Supplementary Information; http:/links.lww.
com/EE/A302.

Excess mortality due to cold, heat, and total
(cold plus heat)

Next, utilizing the derived location-specific exposure-response
relationships, we computed the cold, heat, and total (cold plus
heat) excess mortality (EM) following a method described in
previous works.?3° EM is defined as the number of deaths and
the related fraction as the proportion of deaths attributed to
cold, heat, and total. For each location-day combination, we
computed the number of cold- and heat-related deaths based
on the ESM scenario-specific temperature series, daily base-
line mortality for the total population that is assumed to be
constant over time, and the estimated temperature-mortality
association represented by the location-specific BLUPs.>* We
then estimated the total number of cold- and heat-related
deaths in each location across the study period by summing
the daily mortality contributions when the temperature on a
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Figure 2. Average daily mean temperature (°C) at the 823 MCC locations across 52 countries and territories in five inhabited continents used in this study. The
daily mean temperature is computed using surface observations from the MCC data and averaged over the location-specific time periods shown in Table S1;

http://links.lww.com/EE/A302.

specific day was lower (higher) than the location-specific min-
imum mortality temperature (MMT). The fraction of excess
deaths due to cold, heat, or total is computed using the total
number of all-cause deaths in the historical time period as the
denominator (more details in Supplementary Information;
http://links.lww.com/EE/A302). We quantified the uncertainty
of the estimates by generating 1000 samples of the coefficients
of the BLUPs (representing the association) through Monte
Carlo simulations, assuming a multivariate normal distribu-
tion for the estimated spline model coefficients. We obtained
empirical confidence intervals corresponding to the 2.5th and
97.5th percentiles of the empirical distribution of the cold- and
heat-related mortality impacts across coefficients (See Table
S2; http://links.lww.com/EE/A302 for further details of the
EM and associated fractions at the city, country, and wider-
regional levels).

Projections of future excess mortality under no adaptation
or population changes

Following the approach adopted by Gasparrini et al' and
Vicedo-Cabrera et al®> and explained in-depth by Vicedo-
Cabrera et al,'! we then combined the estimated temperature—
mortality association with the temperature series from the
three ESMs and three scenarios (described in “Earth system
models simulations” section). Specifically, we computed the
cumulative cold- and heat-related, and total EM from 1980
until 2099 by extracting the ESM scenario combination of the
daily temperature series for each of the studied locations in the
period 1980-2099, and then calibrating them to the observed
historical temperature time series using the trend preserving
bias-adjustment approach of Hempel et al.3! We then projected
the daily mortality series by computing the average observed
counts for each day of the year repeated along the same projec-
tion period (1980-2099) (Supplementary Information; http://
links.lww.com/EE/A302 for further details on the calibration
step and construction of the baseline mortality time series).
The projected deaths where the corresponding days have a
temperature below (higher) than the MMT are deemed as cold-
related (heat-related) EM, with the results reported in Results

section expressed as ESM and scenario-specific fraction of EM.
For instance, in the case of the noLULCC scenario, we calcu-
lated the changes in EM under noLULCC relative to the histor-
ical control simulation 10-year average in 1980-1989 for each
ESM. Similarly for the inequality and sustainability scenarios,
the changes in EM are calculated relative to the noLULCC
scenario (hereafter: inequality-noLULCC and sustainability—
noLULCC, respectively). Our estimates assume both constant
demographic structure and population size. The tempera-
ture-mortality analyses in this study were done with R soft-
ware (version 4.3.2; R Foundation for Statistical Computing,
Vienna, Austria)* using packages dlnm (ver 2.4.7)%* and mix-
meta (1.2.0).3* All graphics in the study, including those in the
Supplementary Information; http://links.lww.com/EE/A302
(except Figures 1 and 3, which were created in Microsoft Visio
and Python package matplotlib),>* have been generated using
R package ggplot2 (ver 3.4.4).3¢

Results

We discuss the results for mid and end century mortality impacts
derived using both individual ESMs and the multimodel mean
(ensemble of three ESMs). A comprehensive set of decadal
aggregated results spanning 2020-2099 for each combination
of ESM and scenario are further provided in Table S2; http://
links.lww.com/EE/A302.

No land-use and land-cover changes

Under noLULCC, the three ESMs simulate an increase in
global mean temperature relative to the current climatic con-
ditions (1985-2015) because of an increase in GHG con-
centrations from fossil fuel consumption (Figure 3). CESM
shows an increase in global mean temperature of 1.05 °C by
the end of the century relative to 1985-20135, for EC-Earth, it
is 1.02 °C, and for MPI-ESM, it is 0.35 °C (Table S3; http://
links.lww.com/EE/A302). For EC-Earth and MPI-ESM, almost
all locations experience an increase in temperature, whereas
for CESM, some European cities, especially in Northern and
Western Europe, show a regional cooling effect (Figures S2
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Figure 3. Change in near-surface mean air temperature (°K) by 2069-2099. The nolLULCC scenario is compared to the historical control (1980-2014). The sus-
tainability and inequality scenarios are compared to the noLULCC scenario (2069-2099). The dots indicate the consistency in terms of the sign of temperature

response across the three individual ensemble members of the ESMs.

and S3; http:/links.Iww.com/EE/A302). For CESM, cooling
over Northern and Western Europe results from changes in the
Atlantic Meridional Overturning Circulation. Overall, CESM
and EC-Earth show larger increases in temperature compared
to MPI-ESM because these two ESMs have a higher equilib-
rium climate sensitivity.

Our results for noLULCC (RCP1.9) suggest that global
warming would lead to a decrease in the cold-related EM and
an increase in the heat-related EM across the locations exam-
ined here. Results show that the multimodel mean changes in
total EM relative to 1980-1989 range from -2.8 to +3.7 per-
centage points across all locations by 2050-2059, and from
-2.2 to +2.5 percentage points by 2090-2099 (Figure 4). For
some regions, the responses of total EM are qualitatively con-
sistent in terms of sign across locations (Figure 4 and Figures S8
and S9; http://links.lww.com/EE/A302). For example, the mul-
timodel mean shows a reduction in total EM by 2090-2099
in most locations of Australia, South Africa, Caribbean, West
and East Asia, Northern and Western Europe (Figure 4). Under
noLULCC, a reduction in total EM is driven by a larger reduc-
tion in the cold-related EM (i.e., an increase in the heat-related
EM being outnumbered by a decrease in the cold-related EM).
This is likely due to a shift in the future temperature distribu-
tion resulting in a larger decline in exposure to days with daily
mean temperature below the location-specific MMTs, compared
to a corresponding marginal increase in days with daily mean
temperature above their respective MMTs. Figure S19; http://
links.Iww.com/EE/A302 illustrates this using Santiago (Chile) as
an example. For other regions, such as Southern and Eastern
Europe, North America, and South-East Asia, the three ESMs
show mixed temperature-induced impacts on total EM across
locations within a region (Figures S8 and S9; http://links.lww.
com/EE/A302).

Comparing across the three ESMs, EC-Earth shows a more
consistent reduction in total EM in locations of Northern and
Western Europe compared to CESM. For the MPI-ESM sim-
ulations, which show smaller temperature increases, the tem-
perature-mortality impacts are quantitatively less pronounced

and less consistent in terms of sign compared to CESM and
EC-Earth. For instance, over almost all locations, the change
in the fraction of total EM does not exceed 1 percentage point
relative to 1980-1989. Similar to EC-Earth, MPI-ESM shows a
reduction in total EM across almost all locations of Northern
Europe, whereas Eastern Europe experiences a relatively consis-
tent increase in total EM.

Sustainability

Under the sustainability scenario, which implies global sustain-
able land use, AFOLU GHG emission pricing, and inclusive
socioeconomic development, the temperature responses are
generally less pronounced and less consistent in terms of signs
compared to the noLULCC scenario (Figure 3). CESM shows a
reduction in global mean temperature of -0.07 °C by the end
century, while for EC-Earth and MPI-ESM, the global mean tem-
perature increases by +0.07 °C and +0.05 °C, respectively (Table
S3; http://links.lww.com/EE/A302). Moreover, some regions
show inconsistency in the temperature response across the three
ensemble members of each ESM (represented by the dots in
Figure 3.). This likely indicates that the temperature response
can be driven mainly by internal climate variability rather than
the climate signal resulting from the simulated LULCC. For a
few regions, the temperature responses are relatively consistent
in terms of signs across locations (Figures S4 and S5; http://
links.lww.com/EE/A302). For example, all three ESMs show a
reduction in temperature in most locations of Europe, except
Western Europe where CESM shows mixed mortality impacts.
Furthermore, both CESM and EC-Earth show a relatively con-
sistent increase in temperature in most locations of South and
East Asia. In contrast to the other two ESMs, CESM shows a
more consistent reduction in temperature in almost all locations
of South America and South-East Asia.

Because the temperature responses as well as the tempera-
ture-mortality associations differ by location, the temperature—
mortality impacts of globally sustainable LULCC are also mixed
and location specific in terms of sign and magnitude (Figure 5


http://links.lww.com/EE/A302
http://links.lww.com/EE/A302
http://links.lww.com/EE/A302
http://links.lww.com/EE/A302
http://links.lww.com/EE/A302
http://links.lww.com/EE/A302
http://links.lww.com/EE/A302
http://links.lww.com/EE/A302
http://links.lww.com/EE/A302

8/ +AAOANDYMBRAAAAVO/FIAEIDPIASALLIAIPOOAEIEAHIDIN/AOAUMYTXOMADY

OINXYOHISABZIYTCH+BYNIOITWNOIZTABNHAISINAUE AQ WapidauoiAue/wWod mm| sfewinol//:dny woij papeojumod

¥¢0¢2/S0/1T uo

Orlov et al. e Environmental Epidemiology (2024) 8:e337 Environmental Epidemiology

Change in fraction of excess mortality under noLULCC - histctl

2050-59 2090-99
- — = |
N-Europe [129] po m— f—_ _.-
- — u ——
W-Europe [48] m— Anmam.
sese— . samm
- —— .
E-Europe [17] PV ML AMLAA A
" oman some
 —— ——
S-Europe [83] o dsm——. Ppr————
ooy —_—
——— —
N-America [237] pe——— =———
—_— —
- [~
S-Asia [2] e s - -
— —
E-Asia [100] A—ais s =
— —
- -
W-Asia [5] — asa —= -
"= omow . = T
C-America [13] e hoaniw & a
mee s S0 - oeme ¢ sue
. - . = =
Caribbean [3] As A Y
X e
o e— — . es—— w
SE-Asia [77] A A MDA A A rrv——r— A A
¢ cmmesamm— - S —
e —————— - o ——— W
S-America [53] A A pamsasn ai A4
cmmamne e oemmm—. - o—
—— ——
S-Africa [52] ="V ¥y pnate.
unn nam
Australia [3] Ass aas
. .-
-2 0 2 4 6 -2 0 2 4 6

* cold &+ heat = total

Figure 4. Multimodel mean changes in the fraction of total (cold and heat) excess mortality (percentage points) in 2050-2059 (left panel) and 2090-2099 (right
panel) under noLULCC relative to a historical period of 1980-1989. The blue circles, red triangles, and purple rectangles, respectively, represent cold-related,
heat-related, and total EM-derived estimates for 823 MCC locations across 14 geographic regions. The world regions are ordered by latitude on the Y-axis.
The numbers following the region names on Y-axis show the number of MCC locations. Uncertainty in the empirical distribution of EM (i.e., 2.5th and 97.5th
percentiles) are estimated using Monte Carlo simulations and shown in Table S2; http://links.lww.com/EE/A302.
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Figure 5. Same as Figure 4 but for the sustainability scenario relative to the noLULCC scenario by 2050-2059 (left panel) and 2090-2099 (right panel). The
X-axis ranges in this figure differ from those in Figure 4.
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and Figures S10 and S11; http:/links.lww.com/EE/A302).
Overall, under the sustainability scenario, results show that the
multimodel mean changes in total EM relative to the noLULCC
scenario by 2050-2059 range from -1.1 to +0.6 percentage
points across all locations and from -1.4 to +0.5 percentage
points by 2090-2099. By 2050-2059, Eastern Europe is the
only region for which the multimodel mean shows an increase
in total EM in all locations, driven by an increase in cold- and
heat-related mortality. However, by 2090-2099, the impact on
total EM is less consistent across locations since the heat-related
EM decreases in most locations. For South Asia and Australia,
the multimodel mean shows a reduction in total EM by 2050-
2059 in all locations, whereas the impacts on total EM are
mixed by 2090-2099. By 2090-2099, South Africa, South-East
and West Asia, and Southern Europe show a reduction in total
EM in most locations, whereas Northern Europe experiences an
increase in total EM. Compared to CESM and EC-Earth, MPI-
ESM generally shows a tendency toward a reduction in total
EM in most locations.

Inequality

The inequality scenario implies unequal socioeconomic devel-
opment between the Global North and the Global South. In
addition, sustainable land use and AFOLU GHG emission pric-
ing remain limited to OECD countries. Under the inequality
scenario, the three ESMs used in this study simulate an addi-
tional global warming effect relative to the noLULCC scenario,
which is mainly driven by deforestation (Figure 3). CESM and
EC-Earth show an additional increase in global mean tempera-
ture of 0.29 °C by the end century, and for MPI-ESM, itis 0.17 °C
(Table S3; http://links.lww.com/EE/A302). An increase in tem-
perature in most locations can be noted for all three ESMs
(Figures S6 and S7; http://links.lww.com/EE/A302). A nota-
ble contrast though can be seen for MPI-ESM, where many
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locations in North America experience a decline in temperature.
This is most likely induced by the evaporative cooling with a
relatively small role for albedo-induced warming in MPI-ESM
compared to CESM and EC-Earth. Also, CESM shows a reduc-
tion in temperature for many locations of Europe, especially in
Southern Europe, and South-East Asia.

As a result of increased global warming under inequality, for
most locations, there are more heat-related and less cold-related
EM compared to the noLULCC scenario (Figure 6 and Figures
$12 and S13; http://links.lww.com/EE/A302), findings that are
in line with earlier global-scale studies for RCP2.6.! Overall,
results indicate that the multimodel changes in total EM across
all locations range from -0.7 to +0.9 percentage points by
2050-2059 and from -1.3 to +2 percentage points by 2090-
2099. For some regions, three ESMs show a relatively consis-
tent impact on total EM. For example, by both mid and end
century, the multimodel mean shows a reduction in total EM
in Northern and Western Europe, East and West Asia, Central
America, Australia, and South Africa across most locations
within those regions. These results here can again be explained
by the low warming scenario (RCP1.9), illustrated in Figure
$20; http://links.lww.com/EE/A302 using Asuncion (Paraguay)
as an example. For other regions, such as Eastern Europe and
South-East Asia, the mortality impacts are mixed in terms of
signs across locations. Compared to two other ESMs, MPI-ESM
shows a more consistent reduction in total EM in most regions,
except South-East Asia and Eastern Europe.

Influence of land-use and land-cover change on future
mortality impacts

Having discussed the location-specific temperature-mortal-
ity impacts above, we now compare the regionally aggregated
total EM across the three scenarios and ESMs. The comparison
enables us to draw insights into the relevance of LULCC-induced
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Figure 6. Same as Figure 4 but for the inequality scenario relative to the noLULCC scenario by 2050-2059 (left panel) and 2090-2099 (right panel). The X-axis

ranges in this figure differ from those in Figures 4 and 5.
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Figure 7. Regionally aggregated multimodel mean change in the fraction of total excess temperature-related mortality fractions (percentage points) in 2050-
2059 (left panel) and 2090-2099 (right panel). The red, blue, and green circles show the mortality impacts for the noLULCC, inequality, and sustainability sce-
narios, respectively, grouped by 14 geographic regions. The numbers following the region names on the Y-axis show the number of MCC locations. The regions
with a small number of locations (e.g., S-Asia and Caribbean) are underrepresented.

impacts on temperature-related mortality when compared to the
impacts of changes in fossil fuel GHG concentrations consistent
with RCP1.9. Although many world regions are either under-
represented or not represented in the MCC dataset (e.g., India
and Africa), thus making it difficult to draw any robust conclu-
sion on the global mortality response, the regionally aggregated
mortality impacts nevertheless facilitate a consistent compari-
son across the three scenarios and ESMs.

Under noLULCC, CESM and EC-Earth show a reduction in
total EM in many low-latitude regions (except South-East Asia)
by 2090-2099 relative to 1980-1989, because of a decrease in
cold-related deaths outnumbering an increase in heat-related
deaths as highlighted earlier in “noLULCC” section (Figure 7
and Figures S14-517; http://links.lww.com/EE/A302). Results
show that the multimodel mean changes in total EM across
all locations vary from -1.2 to +0.3 percentage points by
2090-2099. For high-latitude regions, the mortality impacts
are less consistent across ESMs. Furthermore, for both CESM
and EC-Earth, global warming from fossil fuels consumption
(noLULCC) shows a substantially larger impact on total EM,
especially in low latitudes, than the LULCC scenarios. An
exception is South-East Asia in CESM simulations where the
inequality scenario shows a larger mortality impact compared
to the noLULCC scenario.

In contrast, for MPI-ESM, the regionally aggregated tem-
perature-mortality impacts under the noLULCC scenario are
smaller compared to CESM and EC-Earth. Also, for MPI-ESM,
which has the lowest equilibrium climate sensitivity among the
three ESMs, the LULCC-induced impact on temperature-related
mortality tends to be as large as or, for some regions, even larger
than under the noLULCC scenario. For example, under the
inequality scenario implemented in MPI-ESM, South America
experiences a much larger reduction in total EM compared to
the noLULCC scenario.

Discussion

The primary motivation of our study was to examine how
temperature-related human mortality can evolve under future
LULCC scenarios, a daunting research question to the best of
our knowledge not explored to date at a global scale. Here, we
examined the future temperature-related impacts on mortality
under two contrasting LULCC scenarios and under a low emis-
sion scenario (RCP1.9), using three ESMs and a well-established
empirical modeling framework employed in environmental epi-
demiology. Our estimates of future mortality responses do not
account for changes in demographic and population patterns
nor vulnerability and adaptation, thus allowing us to isolate and
assess how LULCC-induced climate effects can modulate future
EM from the combined effects of cold and heat. Note that the
temperature response resulting from the LULCC is driven by
changes in demographics and population through SSP-driven
changes in food demand (see “Earth system models simulations”
section).

Results of the ESM simulations show substantial quantita-
tive differences in the temperature response across three ESMs,
which could indicate the uncertainties in climate modeling
of biogeochemical and biogeophysical effects of LULCC.%!*
Further understanding of LULCC-induced impacts on climate
as well as model development is needed to address these uncer-
tainties. Nonetheless, results of the ensemble mean of the three
ESMs show a change in the regionally aggregated total EM by
the middle and end of the century that are broadly in line with
an earlier global-scale study employing a similar low emission
(RCP2.6) scenario.! Our results indicate that global warm-
ing induced by burning of fossil fuels consistent with RCP1.9
(noLULCC) as well as globally unsustainable land use (inequal-
ity) can lead to a reduction in the total EM by the end of the
century relative to 1980-1989, across most regions examined
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in this study. While counter-intuitive at first sight, especially for
locations in low latitudes, this reduction in the total EM is pri-
marily due to the decline in the number of cold-related deaths
in the future outnumbering the corresponding increase in the
number of heat-related deaths, as discussed in “noLULCC” sec-
tion and illustrated in Figures S18,S19 and S20; http://links.
Iww.com/EE/A302. This, in turn, is largely due to a decline in
the exposure to days below present-day MMT temperatures.
Moreover, due to acclimatization in tropical regions, the values
of MMT are typically higher in low latitudes than in high-latitude
regions. The limited net negative impacts of temperature-related
mortality and in some cases a marginal net positive benefit
would therefore be expected under RCP1.9, an emission path-
way that corresponds to the goal of the Paris Agreement to
limit global warming to below 1.5 °C. As previous studies have
demonstrated an increase in total EM globally under higher-
emission scenarios (e.g., RCPs 4.5 and 8.5),' the reductions
in total EM found in this study for noLULCC and inequality
scenarios are most likely to reverse, showing an increased bur-
den of total EM. Investigating the LULCC-induced impacts
on temperature-related mortality under more higher warming
scenarios using a larger ensemble of ESMs is recommended for
future research.

Notable limitations in the methodology applied in our study
are worthy of mention. We focus here on the main caveats and
refer the readers to some other persistent challenges and limita-
tions discussed in Orlov et al.’ First, due to the lack of reliable
daily mortality records in many parts of the world, a number of
inhabited regions either remain underrepresented (e.g., Africa)
or are completely missing (e.g., India) in our epidemiological
assessment. While efforts are ongoing within the MCC net-
work to gather mortality data across the wider locations in such
countries, the limited regional coverage in our analysis does not
allow us to draw robust conclusions on the global mortality
response. Second, the ERFs for temperature-related mortality
were estimated at the city level across the majority of locations,
meaning that the temperature-mortality response of the rural
population is largely excluded in our analysis. LULCC-induced
impacts on temperature might have a stronger impact on rural
populations than in the urban context. Ongoing efforts for more
representative (mortality) data collection from smaller towns or
rural regions should help to address these limitations in future
research. Third, the meteorological exposure variable used in
our study was air temperature, though other climatic variables,
such as humidity, radiation, and wind speed, might also have a
substantial impact on health and could be affected by LULCC,
especially humidity.?” Exploring the mortality response to
changes in those climatic variables in future LULCC scenarios is
recommended for further research. The applied epidemiological
model is estimated using the data on all-cause mortality, while
the impacts on cause-specific mortality, data that are generally
even harder to obtain, might significantly differ. In addition
to temperature-related impacts, LULCC could also indirectly
affect human health through changes in zoonoses and biomass
burning, which would amplify adverse health impacts of unsus-
tainable land use.’®3? Finally, our estimates of changes in EM
do not account for (1) potential location-scale adaptation or
acclimatization to both cold and heat in the future, (2) changes
in future population and demographics (e.g., population aging),
(3) changes in vulnerability derived from changes in LULCC,
and (4) changes in exposure-response relationship due to
changes in future urban green space; all active areas of research
currently pursued by the climate-health impact modelers.

Nonetheless, our interdisciplinary study employing a state-of-
the-art epidemiological framework brings in several strengths
with a potential of making a notable contribution to the cli-
mate-health literature. To the best of our knowledge, this is
the first global-scale study to specifically account for LULCC-
induced climate effects in projecting future temperature-related
mortality, by utilizing multiple fully coupled ESMs and LULCC
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scenarios. Our study benefits from the most comprehensive
mortality dataset currently gathered: spanning 823 locations
across 52 countries and territories in five inhabited continents,
thus enabling us to assess not only the local-scale climate signal
from the different LULCC scenarios but also the vulnerability
of each studied population through localized temperature-mor-
tality associations.
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