nature sustainability

Article

https://doi.org/10.1038/s41893-024-01362-2

Africanfood system and biodiversity mainly
affected by urbanization via dietary shifts

Received: 18 September 2023

Accepted: 26 April 2024

Published online: 30 May 2024

% Check for updates

Koen De Vos ®'%3[ 7, Charlotte Janssens ® 23, Liesbet Jacobs'*,

Benjamin Campforts®, Esther Boere®¢, Marta Kozicka® 3, David Leclére®3,
Petr Havlik ®3, Lisa-Marie Hemerijckx ® 2, Anton Van Rompaey ®’,

Miet Maertens®' & Gerard Govers®"

Therapid urbanization in Africa profoundly affects local food and ecological
systems. According to earlier research, urbanization may cause food
production and biodiversity losses as agricultural or natural lands are
absorbed by expanding cities. Land-use displacement effects may buffer
agricultural production losses or may lead to additional biodiversity

losses but are often overlooked. Moreover, impacts of dietary changes
associated with urbanization are rarely considered. To address this, we
combined spatially explicit projections of African urban area expansion
with observed rice consumption shifts to inform a partial equilibrium
model (the Global Biosphere Management Model). We demonstrate the
importance of displacement effects to identify potential food production
or biodiversity issues until 2050 and argue for their integrationin land-use
planning and policymaking across spatial scales. We identify that because
of agricultural displacement, the impact of urban area expansion on food
production lossesis probably limited (<1%)—at the cost of additional losses
of natural lands by 2050 (up to 2 Mt). We also show that considering dietary
shifts associated with urbanization increases rice consumption, production
(+8.0%), trade (up to +2 Mt of required import) and agricultural methane
emissions (up to +12 MtCO,-equivalent yr™'), thereby underscoring the need

for asystems approach in future sustainability studies.

Since the early 2000s, Africa’s urban population has more than dou-
bled, reaching over 600 millionin 2020. If current growth continues,
this urban population is expected to double again by 2050. Annual
rates of urban area expansion in Africa, estimated at around 5% per
year between 1970 and 2000', exceed the urban population growth
rate (estimated at 4% (our own calculation based on Food and Agri-
culture Organization (FAO) data)). This urban area expansion results
inimportant local effects on biodiversity and food systems through

ensuing land-use changes (LUCs)'*. Ataglobal scale, future urban area
expansion is predicted to lead to substantial food production losses
(-2.5%by 2100 for rice), areduction in biodiversity and elevated annual
LUC emissions (+0.05 PgC yr™) (refs. 3-6), thereby potentially com-
promising human livelihoods and the natural environment. As Africa
isurbanizingthe fastest, itis also the most food-insecure regioninthe
world’. This stresses the importance of assessing the impacts of future
urbanization on African food system transformations.

'Department of Earth and Environmental Sciences, KU Leuven, Leuven, Belgium. 2Research Foundation Flanders (FWO), Brussels, Belgium. *Biodiversity
and Natural Resources Program, International Institute for Applied Systems Analysis (IIASA), Laxenburg, Austria. “Institute for Biodiversity and
Ecosystem Dynamics, University of Amsterdam, Amsterdam, the Netherlands. *Department of Earth Sciences, VU University Amsterdam, Amsterdam,
the Netherlands. °Environmental Geography Group, Institute for Environmental Studies (IVM), VU University Amsterdam, Amsterdam, the Netherlands.

e-mail: koen.devos@kuleuven.be

Nature Sustainability


http://www.nature.com/natsustain
https://doi.org/10.1038/s41893-024-01362-2
http://orcid.org/0000-0002-4607-7877
http://orcid.org/0000-0002-0252-9843
http://orcid.org/0000-0002-2323-3689
http://orcid.org/0000-0002-8658-1509
http://orcid.org/0000-0001-5551-5085
http://orcid.org/0000-0003-4555-5897
http://orcid.org/0000-0001-5435-6887
http://orcid.org/0000-0001-7245-0375
http://orcid.org/0000-0001-9884-4778
http://crossmark.crossref.org/dialog/?doi=10.1038/s41893-024-01362-2&domain=pdf
mailto:koen.devos@kuleuven.be

Article

https://doi.org/10.1038/s41893-024-01362-2

M Urban area

Urban expansion

[ Cultivated area

[J Natural area

Displacement

Direct
Y —_—
(V)
cy

N ¢

Indirect
—_—
U=

c?
NV

Fig.1| Conceptual representation of the direct and indirect displacement
effects of urban expansion on urban, cultivated and natural lands.
Indirect displacement effects can occur in different types of land use because
compensation of directlossin cultivated area can also occur in multiple
LUCs. Here we particularly highlight compensation of cultivated area to
meet the demand in crops (cropland compensation), in livestock (grassland

compensation) and for wood (forest compensation). Urban pattern is modelled
after Antananarivo, Madagascar. Cultivated area includes any land used to meet
demand in crops (croplands), livestock (grasslands) or wood (forests).

C, cultivated lands; N, natural lands; U, urban lands. Red indicates expansion of
urban area, orange indicates displacement of cultivated area.

Many studies assessing the environmental footprint of urban area
expansion treatitasaconversionof any other land cover tourbanland
and are thereby focusing solely on direct effects (for example, refs. 3,8).
Meanwhile, the complexity of urbanization and its indirect conse-
quences are increasingly being recognized”’. Urban area expansion
may trigger displacement effects, with agriculturalland beingexpanded
elsewhere. This potentially attenuates food production losses but may
also increase the loss of natural lands (Fig. 1), In addition, urban
expansion may induce changes in comparative advantages for agri-
cultural products, leading to a shiftin peri-urban production patterns
often characterized by an increase in higher-value products®. While
local-scale studies accounting for LUC complexity are emerging'*",
assessments at a larger scale are still very sparse'. Therefore, our cur-
rent understanding of potential impacts of urbanization and its junc-
tion with sustainability is incomplete'.

Apartfromgeneral dietary shifts due to changesinincome or edu-
cation, whichmayalso occurinarural setting, the unique sociocultural
food environment in urban centres contributes to specific dietary
shifts associated with urbanization. This food environment is shaped
by (1) ahigher opportunity cost for traditional cooking practices due to
structural employmentintheindustry or services sector”**and (2) the
emergence of supermarkets, which increases access to diverse foods”.
Globally, urbanization is associated with increased consumption of
animal-based products and adecrease in the share of cereals”. In Africa,
urbanization stands out asadriver of the rising per capitademand for
rice over recent decades®®”. This surge in rice demand is linked not
onlytoagrowingincome or the growing presence of supermarkets, but
also to the convenience of storing and preparing rice compared with
other cereals”. Arapidly changing food environment in African cities
has been identified as a driver for other development issues such as
health or poverty”, making itimportant to identify substantial effects
to direct the food system towards a sustainable future.

Within the shared socioeconomic pathways (SSP) framework,
demand trajectories are based on projections by ref. 23, which sug-
gest a deceleration in the future growth of rice demand for develop-
ing countries, which is contradicting the elevated growth in African
rice demand anticipated under continued urbanization trends. This
implies that the impact of urbanization may not be well captured. As
rice cultivation has a considerable environmental footprint, requir-
ing a vast amount of water for irrigation®* and being an important
source of agriculturalmethane (CH,) emissions®, current projections
of the environmental footprint of future rice cultivation may also be
underestimated. Future environment and food systems analyses thus
require integration of urbanizationinaholistic manner where land-use
displacement effects and dietary shifts associated with urbanization
areaccounted for and are analysed against abackground of changesin

yield and/or total population already considered in existing scenarios
(forexample, ref. 26 for rice).

In this Article, we integrate the effects of land-use displacement
and dietary shifts associated with urbanization to develop a more
holistic understanding of the impact of future urbanization on the
African environmentand African food demand. We assess both direct
and indirect LUC effects from urban expansion as well as the increase
inrice demand driven by urbanization. We estimate their individual
and combined effects on LUC, environmental degradation, the avail-
ability of rice, methane emissions and water use. We used the Biodi-
versity Intactness Index (BIl) as defined by ref. 27 to assess biodiversity
impacts. Data on future urban expansion is derived fromref. 5, which
provides spatially explicit information on urban expansion based on
apanelregression method and urban population estimates thatarein
line with the SSP framework?*®. We used micro-level data from house-
holdsurveysinthe World Bank’s Living Standards Measurements Study
(LSMS) to parameterize the difference in rice demand in aglobal eco-
nomic model (the Global Biosphere Management Model (GLOBIOM))
that was adapted to account for urban displacement effects**°. See
Methods for further details.

Results

Urban expansion and land-use displacement effects

By 2050, 3.28 Mha of land is projected to be converted into urban area
following the SSP2 middle-of-the-road narrative for Africa (Fig. 2a).
Most of this land is converted from cropland (50.4%), while the rest
stems from grasslands (12.7%), forests (primary: 12.0%; managed:
10.0%) or ‘other naturallands’ (12.2%). Only 2.7% of the additional urban
landis converted from wetlands. Differences between SSP2 and other
SSP narratives are minor, both in terms of total land converted to urban
area (3.38 Mhafor SSP1, sustainability, and 3.07 Mha for SSP3, regional
rivalry) and interms of order of magnitude of each converted land-use
class (Supplementary Table1).

Land-use displacement affects the resulting LUC pattern sub-
stantially, indicating that urban expansion is not a one-to-one land
conversion (Fig. 2b). We projected a partial buffering of direct effects
for (1) cropland to accommodate for agricultural demand through
an expansion into grasslands and other natural lands (1.05 Mha),
(2) grassland toaccommodate for livestock demand through an expan-
sion into primary forest and other natural land (0.54 Mha) and (3)
managed forest toaccommodate for wood demand through anexpan-
sioninto primary forest (0.28 Mha). In particular, primary forest and
other natural lands are affected by LUC displacement effects, which
exceed direct LUC effects in terms of magnitude. Interestingly, the
net conversion of primary forest to croplands is lower under anurban
expansion scenario as compared with no urban expansion (visible as
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Fig. 2| Estimated LUCs induced by urbanization on the African continent
by 2050 under SSP2, middle of the road. a, Considering only direct effects of
urban expansion. b, Also considering land-use displacement effects. For SSP1,
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sustainability, and SSP3, regional rivalry, see Supplementary Fig. 2. For figures
separated for Northern Africa and sub-Saharan Africa, see Supplementary
Figs.3and 4.

anet negative LUC in Fig. 2b) because there is less primary forest left
to cultivatein the former (as moreis already converted into managed
forest and grassland).

Thearea of cropland directly converted to urbanlandis projected
to be limited (0.63% of the continental cropland under SSP2). This
results in minor net production losses (<0.7%) for all key staple crops
at the continental scale (Fig. 3). If only direct land uses are accounted
for, production losses at the continental scale are overestimated. There
is, however, an important difference between Northern Africa and
sub-Saharan Africa. In Northern Africa, expected production losses
fromdirecteffects are substantial for rice (-1.88%), millet (-2.07%) and
wheat (-4.53%). Displacement effects, however, mostly compensate
these productionlosses. For maize, we project asubstantial production
loss that furtherincreases whenindirect LUCs are considered (-7.29%;
Fig. 3). In sub-Saharan Africa, direct effects on modelled production
losses are much smaller (<1%) for all key staple crops, and these minor
losses are almost entirely compensated by displacement effects (Fig. 3).

Impact of demand

On the basis of the LSMS data, we observed a substantial difference
in rice consumption between urban and rural households in several
African regions. Urban households tend to consume on average
1.5times asmuchrice asrural households (Supplementary Fig. 4). This
leads to a substantial increase in projected rice demand compared
with a baseline scenario that does not account for this dietary shift
(+9.2%—SSP1; Fig. 4a)).

To meet this elevated demand, future urbanization is projected
toincrease bothimports and production of rice across all considered
SSPscenarios. Thelargest part of the netincreasein rice demandis met
through increased production in Africa rather than through imports
(between70% and 80%, depending on SSP). Under SSP1, relative urban
effects are substantially higher than under SSP2 or SSP3 (Fig. 4).

Environmental footprint

Total agricultural CH, emissions (including rice-specific methane emis-
sions, enteric fermentation and manure management effects) are pro-
jectedtoincrease by 2.4% or12.2 MtCO,-equivalent (CO,e) under SSP2
mainly because of increased emissions fromrice fields (Supplementary
Table 8). According to our projections, total agricultural water use is

affected only slightly by urbanization. Urban area expansion slightly
reduces agricultural water use through abandonment of cropland.
Urban demand impacts on water use are minor (<0.5%) for SSP2 and
SSP3 and slightly positive under SSP1.

Although the relative decrease in natural lands (primary forest
and other natural lands) is minor (<0.5%) (Fig. 4), mainly because of
the large baseline values at the continental scale, the impact of LUCs
onlocal biodiversity can be considerable (Fig. 5). While the major dif-
ferences in our projections of the evolution of Bll are determined by
the SSP narrative, our estimations also indicate that urbanization (both
expansion and demand effects) could decrease future biodiversity
levels considerably. This is particularly true for areas where consid-
erable urban expansion and subsequent LUCs are expected. For the
Lagos-Ibadan area, for example, it reduces biodiversity intactness up
to4.5%under SSP1, resultinginaneven lower Bll value than under SSP3,
which hasthe lowest Bllunder abaseline scenario. This effect is largely
cancelled out at the continental and regional scales.

Discussion

We demonstrate that the expected production losses due to urban
expansionin Africaby 2050 stay well below 1% for allmajor staple crops.
Thisisbecause (1) the minimal share of agricultural land thatis directly
converted to urban areacompared with the continental scale (-0.63%
under SSP2)) and (2) land-use displacement effects compensate for
the direct impacts on production losses. If displacement is not con-
sidered, food production losses are overestimated. Although there are
considerable differences between Northern Africa and sub-Saharan
Africain terms of magnitude of production losses due to direct LUCs,
displacement effects attenuate these losses for almost all staple crops
inboth regions. Maize in Northern Africa is an exception; we project
anadditionalloss of cropland due to displacement. Thisis induced by
the response (displacement) of other crops, for which a comparative
advantage exists over maize and the limited possibilities for cropland
to expand into natural land in this region.

Similarly, we observe that the direct effects of urban area expan-
sion on the extent of natural lands (primary forest and other natural
lands) are also minor relative to the continental extent of natural lands
(=0.09% under SSP2). When accounting for displacement effects of
cropland (for agricultural demand), grassland (for livestock demand)
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Fig.3|Estimated expected production losses for key staple crops in Africa
following the SSP2 middle-of-the-road narrative when accounting only for
directurban expansion effects and when also accounting for displacement
effects. a, For Northern Africa. b, For sub-Saharan Africa. ¢, For the total African

continent. Note that the scale differs between panels. See Methods for the
estimation of the production losses. For acomparison with other SSP scenarios,
see Supplementary Fig. 5.

or managed forest (for wood demand), this impact increases (-0.25%
under SSP2). Similar toref. 11, indirect effects outweigh direct effects in
our projections, whichmeans that accounting for displacement effects
iskeyindeveloping credible projections of the environmental footprint
of future urbanization in Africa. We therefore advocate the explicit
integration of indirect land-use dynamics in urban spatial planning
efforts at various spatial levels. In this study, we presented amethodo-
logical benchmark for this purpose by adjusting the GLOBIOM model to
explicitly simulate potential direct and indirect effects of urbanization.

Our findings also indicate that while future challenges of food
production losses and of natural land conservation due to urbanization
seem manageable at the continental scale, this is not necessarily true
atthelocalscale. Earlier work already demonstrated theimportance of
local food production within African cities and in their close surround-
ings for food security®**as well as the inclination towards higher-value
production within or close to the city perimeter®. Changes to food
productioninthese areas may therefore be relatively moreimportant
than changes in land-use area suggest. In addition, while we project
displacement effects, the capacity of African agricultural and food sup-
ply chains to respond to the projected urban area expansion remains
uncertain, particularly given the financial and institutional constraints
faced by smallholder farmersin accessing land™.

Effects on biodiversity also transcend direct habitat loss caused
by LUCs as effects of habitat fragmentation or degradation can also
be considerable®. The latter two are not captured by the indicator that
was used in this study***. Habitat fragmentation also depends on the
spatial form of urban sprawl, particularly for African cities that are
already dispersed over relatively large areas®®”.

Furthermore, we show the critical role of accounting for dietary
patterns and their driversin global-scale modelling assessments. While
frequently used food demand trajectories often lack explicit considera-
tion of commodity-specific dietary contexts, our study emphasizes
such granularity for projections of global food distribution, trade
dynamics and environmental impacts. As urbanization continues to
reshapethefoodsystem, itisalsoimportantto consideritinto projec-
tions of food security and/or caloric availability or when prioritizing
for investments.

The demand effect of urbanization for rice, which was modelled
here, leads toincreased estimates of rice production, consumption per
capita,importsand producer price at the continental scale. In our pro-
jections, the additionalincreasein continental demand (+8.4%—SSP2)
is met largely by African rice production (+8.0%—SSP2). This in turn
forces local production to expand into less-productive areas, which
results in higher producer prices (+1.05%—SSP2). This result is based

Nature Sustainability


http://www.nature.com/natsustain

Article

https://doi.org/10.1038/s41893-024-01362-2

a SSPI

SSP2 SSP3

Production

Consumption
per capita

Import

Producer
price

5

T T T

0 5 10 15 0

Relative change to SSP
baseline (%)

Relative change to SSP

T T T
5 10 15 0o 5 10 15
Relative change to SSP

baseline (%) baseline (%)

b SSP1 I[

SSP2 SSP3

Primary
forest

Other natural |
lands

Agricultural
CH, emission

Agricultural
water use

-1 (o] 1 2 -1

Relative change to SSP
baseline (%)

Il Demand effect

Relative change to SSP

L

0] 1 2 -1 0] 1 2

Relative change to SSP

baseline (%) baseline (%)

Net urban effect

| Expansion effect |:+

<0.5%
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For a detailed description of these effects and how they were quantified, see Methods.

ontheassumptionthat riceis ahomogeneous good, and hence we do
notaccount for possible preferences forimportedrice. Particularlyin
Africa, however, urban consumers are known to preferimported over
locally produced rice, such that they cannot be considered perfect
substitutes®*°, We may therefore assume that our projections overes-
timate the impact of demand on local production and underestimate
its effect onrice imports. Another uncertainty is in the magnitude of
changeindietary pattern associated with urbanization. Our analysisis
based on the LSMS data, which has good coverage over the Economic
Community of West African States and the East African Community
regions. They are projected to jointly contribute to around 73% of the
African rice demand by 2050 (following SSP2), and we can therefore
estimate the magnitude of change in these regions with reasonable
confidence. However, for the Rest of Central-Eastern Africa (RCEAf)
and Rest of Southern Africa (RSouthAf) regions, data are available
from only asingle country (respectively, Ethiopia and Malawi), and it
isunclear how representative these countries are for their respective
regions’ dietary patterns. Further research and data collection are
required to improve survey coverage in other regions and to identify
the effects of different levels of (perceived) goods heterogeneity onrice
demand to assess the impact of demand changes on local production
versus imports more accurately.

We also show that urbanization leads to important environmental
spillover effects. Agricultural CH, emissions increase substantially

(+2.4%—SSP2), mainly because of the increase in rice demand, which
ismetbyanincreasein Africanrice production®. Agricultural water is
thelimiting factor under SSP2 and SSP3; therefore, almost all additional
water required for rice productionincreaseis sourced from other crops’
irrigation, resulting in an almost net-zero demand effect on agricultural
water use and a larger importance of urban area expansion effects.
Under SSP1, agricultural water is not a limiting factor (because of a
higher water efficiency), resulting in a larger importance of demand
effects. Itis, however, stillunclear how these changesinteract with the
expected increase in water demand for other purposes (for example,
industrial or household use) thatis also often linked to urbanization**.
Depending on the location and the spatial scale, urbanization also
substantially decreases the intactness of biodiversity or the extent of
natural areas. In general, effects of urbanization (both demand and
expansion effects) are more pronounced under SSP1than under SSP2
or SSP3 because the SSP1narrative assumes (1) amore urbanized future
than the others® and (2) lower baseline values for rice production
and demand®.

Earlier research has shown the importance of meat and dairy
demand for environmental conservation*>*, and while there are clear
correlations between urbanization and the consumption of meat and
dairy**¥, weindicate that dietary shiftsin other (staple) foods canalso
lead to considerableimpacts. Thisimportant aspect has not been well
captured in future food trajectories up until now.
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calculation of the BII, see Methods.

Our simulations show that observed differences in preferences
forricebetween urban and rural households canlead to considerable
effects on rice-specific (for example, production, imports, producer
price) as well as non-rice-specific (for example, biodiversity intact-
ness or agricultural water use) variables. This underscores the need
to improve the representation of heterogeneity of dietary patterns
and their respective drivers in global assessment models. This would
reduce potential bias resulting from the assumption of a representa-
tive consumer in the estimates of future land allocation, production
and trade dynamics and their environmental impacts. It might be
even more important to consider different food types, crop varieties
and cross-price effects or to disentangle the observed effects into
effects of income, education, sociocultural environment and other
socioeconomicdriversinstead of using urbanization asasingle driver.
Our approach enables the introduction of consumer heterogeneity in
global integrated modelling studies and is thereby an important tool
inidentifying and reducing consumer aggregation biasin global-scale
assessments. Inthis research, we used urbanization asacomplexdriver
of socioeconomic changes (for example, income, education), which
results in dietary changes. This approach could be further refined
by explicitly considering dynamics in the drivers of dietary patterns
rather than considering exogenous scenariosin dietary patterns. This
isanimportantstep inimproving the application ofimpact modelling
assessments to enable effective policymaking.

Methods

Model design

The GLOBIOM is a spatially explicit partial equilibrium model of the
agricultural, forestry and bioenergy sectors at a global scale. In each
time step, it distributes production, consumption and trade to opti-
mize the sum of consumer and producer surplus. Land management
is delineated by altitude, slope, soil, agro-ecological classes, country
borders and a 5 arcmin spatial resolution grid, resulting in 212,707
global simulation units (SU). Each of these units has its own yield,
shadow price and input requirements for different crops, agricultural

intensity levels (for example, irrigated versus rainfed) and land-cover
classes. Demand for food (Q) is adjusted exogenous to the model and is
based on projected changes in population (Pop), gross domestic prod-
uct per capita (GDP*®) and income elasticity of demand (equation (1)).
Changes in producer price (P) affect demand endogenously through
own-price elasticity of demand (¢°) (equation (2)), while cross-price
effects between food types are not explicitly considered. Notably, these
equationsincorporate the dynamic nature of population and GDP per
capita through income elasticity of demand (¢”) across different SSP
scenarios, thereby influencing the trajectories of commodity demand
andresultingin diverse dietary conditions across SSP scenarios.

P4

@ = (Forn ) (S ) g
Pop2000 GDP‘Z’S00

2000 (0]

=)

Qr \Pa000

Base year (2000) demand values (Q,90, ) are calibrated using avail-
able FAO data, allowing forindependent validation of model results for
the year 2010 and 2020. Awide variety of staple crops for food and feed
(barley, cassava, chickpea, dry beans, groundnut, maize, millet, potato,
rapeseed, rice, soybean, sorghum, sweet potato, wheat), livestock prod-
ucts (bovine, goat, pig, poultry, sheep) and other agricultural products
(cotton, oil palm, sugarcane, sunflower) are explicitly modelled at a
global scale. Fruit and vegetable systems are not explicitly modelled.
One-way bilateral trade was modelled by assuming nonlinear trade costs
and homogeneous goods betweenregions. Detailed informationonthe
structure of parameters used to calibrate the standard version of
GLOBIOM canbefoundinref.29, and further specifications for the ver-
sionused herethatisadapted tobetter represent the Africanagricultural
context can be found in ref. 30. Model bias for the African rice system
(production, consumption and trade) is described inref. 26.
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Urban expansion and displacement effects

We use estimates of future urban expansion from ref. 5, who con-
structed global spatially explicit expansion maps for each urbanization
projection following the corresponding SSP narrative®® until 2100 at
aspatial resolution of 1 km. For this, they estimated future urban land
demand for each SSP scenario using a panel data regression model
that established the relationships between several socioeconomic
parameters and historical urban land-use demand for different mac-
roeconomic regions. These estimations were used by the future land
use simulation model (which is established under the framework of a
cellular automata model combined with an artificial neural network
classifier) to allocate the urban expansion. More information on the
methodology and a validation of their results can be found inref. 5.

Using the Google Earth Engine application programminginterface
in Python, we used an overlay of these spatially explicit urban expan-
sion maps for different SSP narratives and global land-cover maps from
the Copernicus Global Land Service (CGLS-LC100) availablein Google
Earth Engine*® to estimate which percentage of land cover withineach
SU (from the GLOBIOM model) is being converted into urban land at
each future time step. For simplicity, we assumed that the proportion
of land being converted into urban land is independent of any future
land-cover changes. In this analysis, we considered only expansion on
the African continent.

Thisinformation is then introduced in the GLOBIOM model as an
exogenous land-cover change occurring within each SU at each recur-
sive time step. This exogenous land-cover change is introduced before
land allocation is calculated so displacement can be accounted for
within the same time step. If, due to the assumption we made earlier
abouturbanexpansionbeingindependent of future land-cover changes,
the extent of expansion into a specific land-cover class exceeds the
remaining extent of that land cover, we adapt the exogenous land-cover
change to match the remaining extent. For example, using the Google
Earth Engine analysis where we assumed the land cover to be constant,
weidentified that for aspecific SU, 20 ha of grasslands will be converted
tourbanlandin2030, but that because of projected land-cover changes
there is only 10 ha of grasslands remaining in that SU in 2030. In this
case, the exogenous land-cover change from grasslands to urban is
converted to 10 ha to not end up with negative extents. This resulting
exogenous land-cover changeis used to quantify the direct effects and
the difference in projected land-cover changes between a model run
with urban expansion (LUC,,,,, and a standard model run without
(LUCy,se) are used to quantify direct + displacement effects for each
land-cover class (LC) at each time step (T).

T

Direct effecticy = ), D exogenous LUC ¢ sy 3)
t=2000 SU

T

Direct + displacement;ct = Y. (LUCypban — LUCqtangara) ~ (4)
£=2000

Estimates of production loss (PL) are madein asimilar way. For the
production losses because of direct effects, we multiplied the expected
areaconverted tourban foreach crop (c) withtherespective predicted
yield (¥,), and for the direct + displacement effects, we compared the
production estimates (P.) from the model run with urban expansion
and the standard model run without.

PLgirecteT =  (Exogenous LUC 15y X Yers0) 5
SuU
PLdirect+disp]acement,c,T = Z (Purban,c,T,SU - Pstandard,c,T,SU) (6)

SuU

Effects of biodiversity are estimated by using the Bll as defined
by ref. 27. The index provides an indication of the percentage of
pre-industrial biodiversity still intact. Effects of land use on the BII

were modelled using the PREDICTS database*’ and adapted to the
GLOBIOM framework by ref. 50. The index quantifies effects of biodi-
versity through land-use dynamics by considering a fixed Bll value for
eachland use (LU) and simulation unit (SU) combination and changes
inarea(A). The Blldoes not consider degradation of biodiversity within
the same land cover.

ZLU ZSU Bllpy,su;r X Arusut

Bll; =
ELU ZSU ALU,SU,T

@

Household survey analysis

To identify dietary differences between urban and rural households,
we used several household surveys from the LSMS for African coun-
tries that are accessible through the World Bank’s microdata library
(https://microdata.worldbank.org/). The LSMS consists of a series of
household surveys conducted by the World Bank to collect data on
various socioeconomicindicators, including household consumption
patterns. The surveys ensure a representative sample of households
through a well-thought sampling design and employ a standardized
questionnaire, which makesit accessible to compare across countries.
This makesthe LSMS surveys particularly suitable to assess consump-
tion patterns in African countries, as is also exemplified by previous
research (forexample, ref. 51 for meat and fish consumption). Typically,
the surveys question households on their food consumption pattern
ofthe past week (7 days) before the survey date, which is more feasible
toremember than asking for longer periods. Although this covers only
asmall window in time, the dedicated sampling scheme, in principle,
should counter anyissues of representation. Existing seasonal patterns
in food consumption are thus not explicitly considered, although
they can be considerate®™. Based on national definitions, the surveys
also distinguish between urban and rural households, thus allowing
comparison between urban and rural dietary patterns.

In our analysis, we combined the rice consumption (or rice
demand) of the past 7 days for each household (hh) with the household
size (N,,) to make an estimation of the annual rice consumption per
capita(Q) (equation (8)).Itisimportant to note that thisis an estimated
value, hence why we included the -, and is subject to uncertainties
regarding granularity and seasonality. These estimated values are
calculated for urban and rural households separately and are used to
identify therelative differencein rice consumption betweenurbanand
rural households (equation (9)). These values are calculated for each
survey wave (sw) and each country (cou) and are aggregated to the
regional level (reg) using the population of that country in the year the
survey was conducted (Pop,) (equation (10)). Annual population values
aretaken from FAOSTAT. A similar approachisused to calculate this at
the continental level.

Zhh Q7d,hh X 52

)}
z:|1|1 Nhh

Q=

U = Sutan _ 4 )

rural

Zwu st A¢,cou,sw

(10)
Zcou Pth,cou

Areg = where cou € reg

Disaggregation framework

The observed regional difference in rice consumption between urban
and rural households (a,.,) is used to disaggregate the representative
consumer considered in the GLOBIOM demand framework (equations
(1) and (2)). For regions that were not covered by the LSMS surveys
(ArabMaghreb Union (AMU), Economic Community of Central African
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States (ECCAS), Egypt and Southern African Customs Union (SACU);
Supplementary Fig. 6), we assumed the continental value.

Inour disaggregation framework, we consider the total exogenous
demand at a certain time step (Q; ) equal to the sum of urban (Q; uran)
and rural (Q; ;. ) demand within aregion (equation (11)). By doing so,
we assume that each demandregionis characterized by asingle market
and thus that there are no differences in price or own-price elasticity
of demand between rural and urban environments. Inasimilar manner,
we have disaggregated the exogenous demand function (equation (1))
interms of urban (U) and rural (R) population share and initial demand
in an urban (Qxo00,4 ) OF rural (Qyg, ) €nvironment (equation (12)).
Accordingly, we made a second assumption by not considering any
differencesinincome growth orincome elasticity of demand between
anurbanand rural environment. Although this assumptionis certainly
notvalidinan African context as the difference inemployment oppor-
tunities and wages has beenidentified asanimportantdriver of rural-
urban migration by previous research®®, the particularly low values for
income elasticity of demand for rice’* probably cancel out any differ-
encesinincome growth. Thiswas also verified by a sensitivity analysis
we performed (not included here) by comparing the differences
between total expenditure trends between urban and rural households
using the LSMS surveys for Tanzania. Since the temporal coverage of
the LSMSsurveysis limited (Supplementary Table 9), this information
was notincludedin this analysis.

Q: = Quurban + Qurural 1

£GDP

' Uy —— R ——
< : Q2000 + : QZOOO,r) (12)
Uz000 R2000

TESTE

POp2000 / \ GDPS; )

Simultaneously, theinitial exogenous demand can be considered
the weighted average of the urban initial demand and the rural initial
demand, where weightingis done using respective population shares
(equation (13)). By combining the observed difference between urban
andruraldemandforrice (equation (10)) and available information on
total rice demand and population shares (from FAOSTAT), we were able
to disaggregate the initial demand (equations (14) and (15)).

Q2000 = U2000Q2000,u + R2000Q2000.r (13)
Q2000
—__<w00 14
Q2000 a — aRyp00 + Rao00 44)
aQ
Q000,u = 2000 (15)

1+ aUsp00 = Uz000

To quantify the potential demand effect, we used projections on
urbanand rural population shares for the different SSP narratives from
ref. 28 in the updated exogenous demand function (equation (12)).
Although we applied our framework only to rice demand and urbani-
zation in Africa, it could also be easily expanded to other food types,
regions and socioeconomicindicators, asitrequires only areasonable
spatial coverage of standardized household surveys, for which we
identify the LSMS surveys to be particularly suitable.

Net urban effect

For each SSP narrative, we did four model runs: (1) an SSP baseline
run without urban expansion or urban demand effects, (2) a model
runwhere we accounted only for urban expansion (expansion effect),
(3) amodel runwhere we accounted only for dietary differences (poten-
tial demand effect) and (4) amodel run where we considered both for
urban expansion and for dietary differences (net urban effect). The
results from model runs 2-4 are compared with the SSP baseline run
to quantify the respective effects.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The model output data generated by the GLOBIOM model that was
used to visualize theresults have been deposited onthe Zenodo online
repository: https://doi.org/10.5281/zenodo.10899595 (ref. 55). Source
dataare provided with this paper.

Code availability
The code used for the analyses and visualization is available from the
corresponding author onrequest.
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