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Abstract

Structural transformation reallocates not only labor but also land, across
agriculture, cities, and forests. This reshapes the carbon balance of the econ-
omy. We develop a quantitative spatial model in which agriculture, cities, and
forestry compete for land, and calibrate it to newly assembled data for France
covering 1950-2020 and approximately 1,500 regions. In the model, higher
agricultural productivity raises a location’s farmland in the cross-section, but
lowers it economy-wide once prices adjust. As agricultural productivity in-
creases in the aggregate, land leaves farming, forests expand in rural areas,
and cities sprawl. The quantification reveals that on its own, this structural
change would have reallocated even more land out of agriculture, but agricul-
tural subsidies, tilted toward less productive regions, hold some of it back. The
carbon implications are ambiguous as reforestation stores carbon while sprawl-
ing cities emit more. In our empirical setting the latter dominates, making the

reallocation of land that followed structural change a net source of emissions.



1 Introduction

Economic development is characterized by a gradual reallocation of resources across
sectors. The shift of labor out of agriculture and into manufacturing and services
that accompanies structural transformation is well documented. Less attention has
been paid to a parallel transformation of land use. Yet structural transformation not
only reallocates workers and production across sectors, it also reallocates land across
agriculture, forests, and urban uses. These shifts are also accompanied by changes in
policy: as agriculture contracts, governments extend support to the sector, so that
subsidies are almost a mechanical companion of structural change. Understanding
how economic development reshapes the allocation of land—and how far agricultural
policy has reshaped it in turn—is a central objective of this paper.

The long-run evolution of land use in France illustrates these forces clearly. Since
1950, agricultural land has declined by almost 20 percent, while urban land has more
than tripled and forest cover has expanded by roughly 50 percent. These patterns
hold qualitatively across much of the developed world. At the same time, governments
have implemented large agricultural support programs, most notably through the
European Common Agricultural Policy (CAP), transferring resources toward rural
areas and influencing land reallocation.

These changes matter not only because they reshape where people live and work,
a central concern in spatial and urban economics, but also because they fundamen-
tally alter the carbon balance of the economy. Land use is a major determinant of
greenhouse gas emissions. Forests absorb carbon, and urban expansion influences
emissions: as cities sprawl, energy used for housing increases and commuting dis-
tances lengthen. These channels are first-order: in France, housing and commuting
account for about 40 percent of emissions, while forests offset roughly a quarter as
a carbon sink. As structural transformation reallocates land across these competing
uses, it can generate large shifts in emissions. Yet this environmental dimension of
structural transformation remains largely unexplored.

This paper asks two related questions. How does economic development, through
structural transformation, reshape land use and carbon emissions? And to what ex-
tent have agricultural policies altered this process? To answer these questions, we
develop a quantitative spatial model in which agriculture, cities, and forests compete

for land. Across space, heterogeneous local productivities determine where land is



reallocated. Across equilibria, technological progress drives the structural transfor-
mation of land and resulting emissions. We estimate the model using newly assembled
spatial data for France covering the period 1950-2020 and use it to quantify the effects
of technological change and agricultural subsidies on land use and emissions.

The spatial dimension is central to these questions. Structural transformation is
driven by aggregate forces, but land reallocation occurs locally. Productivity, agri-
cultural subsidies, and land suitability vary substantially across locations, implying
that identical aggregate shocks can generate very different local outcomes. In re-
mote rural areas, land released from agriculture is more likely to be converted into
forests, whereas in urban and peri-urban areas it tends to accommodate housing
and urban expansion. Because carbon sequestration and emissions associated with
housing and commuting also vary across space, the carbon consequences of struc-
tural transformation depend critically on where land is reallocated. Understanding
these consequences therefore requires a spatial framework linking aggregate economic
change to local land-use decisions — a framework we develop in this paper.

First, we build a quantitative spatial model of land use and carbon emissions. In
a closed economy partitioned into small units, several production sectors compete for
land in each location: rural sectors (agriculture and forestry), an urban and a housing
sector. Sectors are heterogeneous in their land intensity and productivity, which also
varies across regions. Agricultural subsidies distort production decisions. On the
demand-side, preferences are non-homothetic (Stone-Geary), with agricultural goods
as necessities. Workers sort across locations and sectors depending on wages, housing
costs, amenities and commuting costs. Equilibrium conditions determine goods and
factor prices, hence the spatial distribution of land use, labor and population. This
translates into carbon emissions as a by-product of the allocation—due to housing,
commuting and the production of each sector, as well as carbon storage in forests.

This framework accounts for the main drivers of land use across space and time.
Across space, land use is driven by local technological differences, adjusted for sub-
sidies and amenities. Regions that are more productive in the labor-intensive urban
sector or have richer residential amenities have more built-up land. This expansion
is checked by the value of land in rural uses. Within rural uses, regions relatively
more productive in agriculture (versus forestry) use land for farming, all the more as
this use is subsidized. Across time — that is, across equilibria in general equilibrium

— cross-sectional predictions are reversed when productivity evolves in all regions:



higher aggregate agricultural productivity reduces agricultural land use. Rising agri-
cultural productivity makes subsistence easier to clear, reallocating factors away from
agriculture, increasing forest cover and urban sprawl. Compensating agricultural poli-
cies mitigate this agricultural decline. Importantly, the incidence across regions of
aggregate changes depend on their specialization: in rural regions, farmland declines
mostly to the benefit of forests; in urban regions, urban footprint expands the most.
These predictions are derived in a tractable version of the model. They are remi-
niscent of two competing views regarding agricultural expansion: Jevons’ Paradox,
locally, versus Borlaug Hypothesis, globally (see also Matsuyama (1992)).

Second, we assemble consistent data on land use for France over 1950-2020 at a
granular level (about 1,500 regions). Qualitatively, the stylized facts line up with the
theory. Over the period, agricultural land recedes especially where it is least produc-
tive, forests expand in rural areas, and built-up land spreads around cities. Using
multiple sources, we also put together data over 1950-2020 on sectoral employment,
wages, prices, agricultural revenues and subsidies—digitizing historical records to get
back in time. This large data effort provides the necessary sectoral spatial inputs for
a quantitative evaluation since 1950. They are combined with sectoral emissions used
for the carbon accounting of France since 1970.

Third, we map theory to data, quantifying our model of land use and emissions
over 1950-2020. In particular, we use the reallocation of factors out of agriculture
between 1950 and 2020 to calibrate the non-homotheticity parameters. Having veri-
fied the good fit of the model on non-targeted moments, we use the quantified model,
first, as a laboratory to disentangle the drivers of land use change and emissions over
space and time, specifically the roles of technology and agricultural subsidies. Inter-
estingly, a spatially uniform growth in sectoral productivities from 1950 to 2020 alone
already reproduces broadly the reallocation patterns of the data . However, that fit is
deceptive: the agricultural productivity gains were higher in initially more productive
regions, and these heterogeneous changes alone would have pushed far more land out
of agriculture. What holds back this overshoot are agricultural subsidies.

We then use the quantified model to ask: on net, did structural change make
the economy cleaner, in terms of CO5 emissions? There are two distinct mechanisms.
First, by shifting production from emission-intensive agriculture toward cleaner urban
sectors, it clearly lowers emissions per unit of GDP — by more than half. However, its

impact through land use has an ambiguous sign, since expanding forests store carbon



but sprawling cities emit more. In our empirical context, the latter quantitatively
dominates, making the land reallocation that followed structural change a net source
of emissions. In addition, we find that agricultural subsidies have had a large effect,
increasing carbon emissions by about 15% as they preserve agricultural land and limit
reforestation. Importantly, the geography of subsidies, tilted towards less productive
regions, is crucial to understand their aggregate effects: a uniform subsidy of the
same budget barely moves the allocation.

We finally use the model to evaluate possible reforms of the Common Agricul-
tural Policy. A reform that splits subsidies between agriculture and forestry while
keeping each regional budget constant induces a substantial reallocation of land from
agriculture to forests and reduces aggregate carbon emissions by up to 13% while
maintaining support for rural regions, illustrating that the current design of agricul-
tural support entails significant environmental costs. We also show that, beyond the
overall level of forest support, its spatial allocation also matters: targeting subsidies
toward regions with the highest carbon sequestration potential (Northern France)

yields additional, albeit modest, emission reductions.

Related literature This paper relates to several strands of research in spatial
economics, in the macroeconomics of structural transformation and in environmen-
tal and land change sciences. It contributes to the field of economic geography and
quantitative spatial economics (QSE) surveyed in Redding and Rossi-Hansberg (2017)
by developing a quantitative theory of land use where several heterogeneous sectors
compete for land across the entire territory. Emphasizing the drivers of urban sprawl
and urban density, including commuting technology (see, among others, Glaeser and
Kahn (2004), Baum-Snow (2007, 2020), Ahlfeldt et al. (2015), Combes et al. (2019)
and Heblich et al. (2020); see also survey by Duranton and Puga (2015)), previous
literature focuses on the allocation of factors within urban boundaries, while we also
study land use beyond urban landscapes. Using similar quantitative tools, our setting
also relates to the spatial modelling of land use in rural sectors, within agriculture
(Costinot et al. (2016), Sotelo (2020), Dominguez-lino (2026)) or between forestry and
agriculture, often with a specific focus on tropical deforestation (see, among others,
Souza-Rodrigues (2019), Delacote et al. (2021), Assungao et al. (2023), Salazar Re-
strepo and Leite Mariante (2024), Araujo et al. (2023), Araujo (2024), Farrokhi et al.
(2025), Prakash (2026), Szerman et al. (2026), Imbert et al. (2026)). Our approach in-



corporates in general equilibrium interactions with urban sectors (manufacturing and
services) on the consumption and production side—a relevant aspect for aggregate
productivity and carbon emissions since agriculture and forestry also compete with
urban sectors on product and factor markets. Importantly, at the margin of cities,
the value of land used for agriculture or forestry determines the opportunity cost of
expanding cities and matters for urban sprawl and related emissions from housing,
commuting and land use change. We also contribute to the related literature in spa-
tial environmental economics (surveyed Balboni and Shapiro (2025)). Recent work
investigates the role of the spatial distribution of economic activity for climate change
adaptation (Conte et al. (2021), Conte et al. (2025), Bilal and Rossi-Hansberg (2023),
Cruz and Rossi-Hansberg (2024)) and the impact of environmental policies and the
climate on land use dynamics (Grosset-Touba et al. (2024), Hsiao (2026), Du Puy
(2026), Hsiao et al. (2026)). This paper focuses on the effects of structural trans-
formation and compensating agricultural policies on land use and carbon emissions.
Covering the different sectors of the economy and the entire territory, the framework
provides an integrated quantitative assessment of the reallocation of factors across
space and sectors on the carbon balance.

Our approach investigating the sectoral reallocation of production factors over a
long-period is also linked to the macro literature on structural transformation (sur-
veyed in Herrendorf et al. (2014)). Related papers also investigates the spatial di-
mension of structural change (Caselli and Coleman (2001), Michaels et al. (2012),
Desmet and Rossi-Hansberg (2014), Fajgelbaum and Redding (2022), Eckert and Pe-
ters (2025), Budi-Ors and Pijoan-Mas (2025), Coeurdacier et al. (2025)). Compared
to these papers, we incorporate land use reallocation across heterogeneous sectors
along the process of development and urbanization. This allows us to disentangle the
environmental impact of structural transformation.

More broadly, this paper relates to the measurement and analysis of land use dy-
namics in geography and land change science (Turner et al. (2007)), where we deepen
the modelling of equilibrium economic forces and interactions across diverse sectors
using methodological tools from QSE for theories of land use. From an empirical per-
spective, the paper relates to studies investigating the importance of the structure and
density of cities for environmental concerns (see, among others, Ribeiro et al. (2019),
Glaeser and Kahn (2010), Eeckhout and Christoph (2021) and the meta-analysis in

Ahlfeldt and Pietrostefani (2019)), the measurement of carbon footprints across space



(e.g. Jones and Kammen (2014) for the US), the historical measurement of land use
dynamics (Ellis et al. (2013), Winkler et al. (2021), Gorin et al. (2025) for France)
and the role of land use changes in agriculture/forestry for climate change mitigation
(IPCC (2022)).

The paper is organized as follows. Section 2 develops a quantitative theory of
land use. Section 3 describes the French data over the period 1950-2020. Data are
used in Section 4 to describe the evolution of land use, agricultural policies and
carbon emissions in France over the period. Section 5 estimates the model using
the same data. Section 6 provides counterfactuals to isolate the role of structural
transformation and agricultural policies on land use and carbon emissions and sheds

light on the effect of policy reforms on welfare and emissions.

2 A Quantitative Theory of Land Use

At a given date, we consider an economy populated by N workers and comprised of
many small regions i € {1,...,.J} endowed with land Q;. The distance to commute
from ¢ to j is defined by d;;. Within each region i € {1,...,J}, different sectors
compete for land and workers: two rural sectors (agriculture and forestry), an urban
sector meant to capture manufacturing and services, and a housing sector. Sectors
are heterogeneous in their land intensity and their productivity, the latter also varies
across regions. Workers choose where to live and where to work, accounting for
heterogeneous costs of living, wages, commuting costs and local amenities. Time

subscripts are omitted for convenience.

2.1 Model Setup

Technology Production of output Y; ; in sector s and region ¢ combines land with

other inputs with different land-use intensities, namely:
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where s indexes sectors (agriculture, forestry, urban or housing), 7; s is productivity
and inputs are labor L, 5, land ); s and intermediate urban inputs /; ;. We allow for
decreasing returns to scale (DRS) in rural sectors r € {a, f}, v, = a, + 3, < 1.1
Constant returns to scale (CRS) are assumed in sectors s € {u, h}, vs = as+ 35 = 1,
and for simplicity, the urban sector uses only labor, o, = 1. Rural and urban goods
are freely traded at price ps for s € {a, f, u}, while housing is a non-traded good with

price p; ;, that is region-specific. The urban good is the numeraire.

Preferences and budget constraint We follow the literature on structural trans-
formation surveyed in Herrendorf et al. (2014) in assuming that preferences are non-
homothetic in agricultural vs non-agricultural good. Specifically, the utility of worker

w when living in ¢+ and working in j in sector s is Stone-Geary:

O (O K N () )
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where ¢ is the consumption of good s, a is the subsistence need in agricultural goods,
and ¢; ; s (w) is the idiosyncratic preference of worker w for choice ¢, 7, s. The composite

amenity adjusted for commuting costs between ¢ and 7,

Ai- Ay,
3
s

i,j,S - )
combines a residential amenity A; and a sector-specific work amenity A;, and is
discounted by commuting costs. These costs increase in distance d; ; with a constant

elasticity £. Households” budget constraint is

DihCh + Z PsCs = Wj s + T, (4)

s:a,f,u

where w; ; denotes the wage rate in region j and sector s, and 7 is a claim to aggregate
land rents and profits in the country net of lump-sum taxes (described below), equal

for all workers.

Subsidies and taxes Producers receive a subsidy per unit of output in rural sectors

r € {a, f} in region ¢, denoted s; ., so that rural revenues in region i are p,(1+s;,)Y; .

!Decreasing returns embody the notion that expanding regional production requires cultivating
less fertile land and strains fixed rural resources, such as water.



Subsidies are financed lump-sum equally across all workers.

Urban land premium Land is freely allocated across rural uses within each region,
implying that land rents are equalized between agriculture and forestry, p; = p; o =
pi.s- Land used for housing, however, commands a region-specific premium m; > 1,
such that:

Pih = TP (5)

The premium m; follows from the higher land value of central locations within a
given built-up area.? It may also incorporates the servicing costs of equipped land
(e.g. sewage, electricity) and the presence of regulations limiting the conversion of

rural land into built-up.

2.2 Greenhouse Gas Emissions

Greenhouse gas emissions arise as a by-product of the equilibrium allocation of pro-
duction, land and people across space. We distinguish five sources—production in
each of the three sectors (a,f,u), residential energy use (housing), and commuting—
and express all of them in CO, equivalent. Total emissions are the sum of these
components, F = Zse{a,m’h’c} E,.

For the three traded sectors s € {a, f,u}, emissions combine a production and a

land-cover component,

Es = Hs Z Y;,s + Z )\i,sQi,sv

The first term is proportional to output, with ps the emission intensity of production
in sector s. The second is proportional to land cover, where ;s is the net carbon
released per unit of land used by sector s in region i: forests are carbon sinks (\; ; < 0),
whereas cultivated land tends to release soil carbon (\;, > 0). We let this intensity

vary across regions, as the carbon-storage capacity of forests is itself spatial.®

2By no arbitrage, the price of land should align between rural and urban uses at the fringe of
cities; however, more centrally located neighborhoods provide better access to amenities, which is
capitalized in urban rents. On average, land rents are therefore higher for urban uses than for rural
uses.

3Forests in regions with a milder climate are better carbon sinks per unit of land, being less
exposed to heatwaves, fires and parasites, as detailed in Appendix B.1.4.



Housing generates emissions both through energy use—heating, in particular—

and through the land it covers:
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where Y;,/N;, housing consumption per resident, is our measure of dwelling size.

Energy-use emissions (first term) increase with dwelling size (¢, > 0) but fall with
residential density N;/Q;n (en, < 0), as denser housing is cheaper to heat per unit.

Commuting emissions rise with distance but may fall with density, since denser

areas rely more on public transport and smaller cars,
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where €5 > 0 is the elasticity with respect to commuting distance and €., €., < 0
those with respect to residential and workplace density. We estimate both the housing
and commuting elasticities on granular 2020 data, justifying these functional forms

empirically (Section 4.3).

2.3 Equilibrium Allocation

Household choices We assume that the preference shocks ¢; ; s (w) for the triplet
1,7, s are distributed Frechet, with shape parameter x. Given the properties of the
Frechet distribution, the number of workers living in 7 and working in j in sector s is

a simple function of the indirect utility of choice 4, j, s, V; ; s

— N (‘/;7j75>ﬁ

N
2,8 Zi/j/s/ (‘/z",j’,s’)’“

(8)

with, given expenditures under Stone-Geary utility (3) and the budget constraint (4):

wj,s — Pal +

5
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(9)

Vigs = XAijs -

Workers’ choices are driven by sectoral wages w; s at workplace j, residential housing

costs p;» and amenities adjusted for commuting costs, A, ; ;.
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Firms’ optimization Firms in all sectors are perfectly competitive. Profit maxi-
mization implies that their marginal cost equates output price, so that for all traded

sectors s € {a, f,u}, given (1):

as o l—ag 1—vg
(25 ()
(1 + S]',S)TJ',S ﬁs

where the second term in bracket adjusts for decreasing returns in rural sectors. In

addition, in each rural sector, relative input demand is

s pj
=220, 11

L

j78

For the urban sector, Eq. (10) boils down to w,, = T}, while in the non-traded

housing sector:
l—«a
pin = (mjp;) " (12)

Profits and land rents With decreasing returns, profits in each region-sector are

equal to (1 —v,)p, (1 + s;,)Y;,. Therefore, net claims to profits 7 satisfy:

7TN = Z (pj,st,s + (1 - Vs)ps(l + Sj,s)y},s - pssj,sy},s) . (13>

j7s

Equilibrium definition An equilibrium of the model is output prices p, for s €
{a, f}, land prices {p;};, housing prices {p;r}, and wages {w;s},, for each region
such that:

1. Land markets clear locally: Vj € [1,...,J], >, Q;s = Qj.
2. Labor markets clear locally: Vj € [1,...,J], >,  Nijs = Ljs.

3. Housing markets clear locally: Vi € [1,...,J], mip;Qin = (1 — o)y Zj,s Nijs-
(wjs — paa + ).

4. Rural markets clear nationally: ps > .Y s = ZMS, Nijs (pss+ (1 —7)ys - (wjs — paa + 7))
for s € {a, f}

The market for urban goods clears by Walras’ law.

11



2.4 Land Allocation in the Model

To gain intuition on how land is allocated across uses in the theory, we proceed in two
steps. First, we describe the cross-sectional distribution of land use across regions,
in a given equilibrium of the model - that is, taking general equilibrium prices p,
and py as given. This sheds light on how technological differences across regions and
sectors map into cross-sectional differences in land use specialization. Second, we
derive comparative statics of the model with respect to aggregate shocks, such as
changes in agricultural TFP. We show how land use allocation, in the aggregate and
across regions, evolves due to the general equilibrium response of prices p, and p; to

aggregate shocks. Details and proofs are reported in Appendix A.

2.4.1 Land use across regions (within an equilibrium)

In this section, we help build intuition by focusing on a special case of the model
that is solvable with pencil and paper. We focus on the empirically relevant case
where agriculture is less land intensive than forest, 8,/a, < Bf/cay. We consider the
special case with no cross-region commute (d;; = oo for ¢ # j), no subsidies (s;, = 0),
no urban land premium (m; = 1), residential amenity only (A;; = 1), housing uses
only land (ay, = 0) and firms and land are owned by absentee landlords. We also
consider for now the case of homothetic demand (a = 0); this assumption is intuitively
innocuous when studying cross-sectional allocation of land: the value of a matters
for how equilibrium rural prices p,,ps are determined, not for the cross-sectional
allocation of resources conditional on prices.

The equilibrium allocation of land is characterized by two equations. The first
determines the supply of rural land, er = Qiq + @iy, equal to total land net of

housing. The second determines demand for rural land.

Lemma 1. Supply and demand of rural land are respectively:

s __ B 5y,
i 6}”‘*’7an2 ﬁf‘i‘")/a’f H(Qz,a)7 (14)
and QP = R(Qia) - Qi (15)

where H'(Q;.4) > 0 and R(Q;) > 1, R'(Q;4) > 0; the two curves cross once.”

1The functions R(-) and H(-) solve in closed form as functions of parameters and general-
equilibrium prices.
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Throughout, demand and supply are expressed as a function of agricultural land
Q)i . rather than land rents p (to which agricultural land is negatively related), as this
formulation leads to convenient visual representations (see e.g. Figure 1).

The supply of rural land, characterized by Equation 14, is downward sloping:
as agricultural land @);, expands, the marginal product of land falls, reducing land
rents, making housing cheaper, and crowding out rural land through higher housing
demand H(Q;,).> This curve shifts with local fundamentals in an intuitive way.
Housing demand is stronger (and rural land correspondingly scarcer) in locations
that have higher urban productivity or residential amenities (OH/0T;,,, 0H/0A; >
0). In contrast, more productive farmland drives up land prices, limiting built-up
(0H/0T;, < 0). .

Qi,’r
A
Qi | ,
Qin Q7
Qi
D
" Qi,a

Cji Qi,a

Figure 1: Equilibrium allocation of land in a region. The supply @7, (blue) and
demand QP (green) for rural land intersect at a unique point. Our of the total land
Qi , equilibrium agricultural land Q;, is read on the dashed 45 degree line; the rest
is split between forest ();  and housing @); .

Equation 15 describes demand for rural land, summing forest and agricultural uses.
Land is allocated between agriculture and forest so that land rents are equalized. The
property R’ > 0 means the forest share of rural land rises as the rural area expands

— i, grows faster than (); ,. The intuition runs through the price of land: a larger

5A second, smaller channel is at play: higher agricultural production hires more rural workers,
who also demand housing.
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rural area carries a lower land price, which favours forest, the more land-intensive
use. Together, the two curves pin down (Q;q, Qi f, Qin) in each region as depicted
in Figure 1. In turn, the following comparative statics describe how the allocation of

land uses varies across regions, in a given equilibrium.

Proposition 1. The allocation of land across regions depends on region characteris-

tics as follows, all else equal:

o Urban TFP: 9% > ¢, i%a <0, g%f <0

Qia 6 8!’1 .
’ aTzu<Q1a+sz) > 0 and > O’

o Agricultural TFP: an > 0, g?ff <0

effect on Qi s ambzguous},

Qla Op;
’ aTm(m) >0, and £~ > 0 (the

e Forest TFP: BQ“L <0, ZCT?” <0, ‘?,%f >0

’ aTzf(Qz?iéz ) < 0 and 8p1 > (.

The model predicts, unsurprisingly, that zones productive in the urban sector
specialize in urban land use. The rural land they retain, moreover, leans towards
agriculture rather than forest: urban productivity raises land rents, and expensive
land favors the less land-intensive use. At the other end of the spectrum, low urban
productivity regions where land is cheap specialize in forest, the most land-intensive
use. The same logic applies for high residential amenities.”

Naturally, forest (resp. agricultural) land use is higher where forest (resp. agricul-
tural) productivity is higher. Since forestry is the most land-intensive activity, higher
forest productivity bids up land rents and crowds out all competing uses — urban and
agricultural. In contrast, higher agricultural productivity has ambiguous effects on
competing land uses. By raising land rents it reduces forest land, but its residual
effect on housing may go both ways. This is because @Q;, = vI;/p; combines two
forces that both rise with 7; ,: resident income I; (which increases housing use) and

land rent p; (which reduces housing use).

6The rural-share sign under 7; ,, additionally requires forest land to be more rent-elastic, By > By,
which follows from the maintained land-intensity condition once returns are common, v, = vy. The
other comparative statics need only f,/aq < Bf/cy.

"High residential amenity attracts workers from all sectors, increasing land use for housing.
This pressure on land prices (gf{i > 0) hurts the most land-intensive sector (forestry) more than
agriculture, tilting rural land use further towards agriculture. In rural (low T;,) regions, a higher

residential amenity can even raise @), at the expense of a larger drop in Qy.
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2.4.2 Land-use response to aggregate shocks (GE)

We now ask: how does land use respond to a shock to aggregate sectoral productivity
or aggregate population? To that end, we crucially restore non-homothetic preferences
(a > 0), as it is the channel driving structural transformation in the model. We relax
all the simplifying assumptions of the previous section but one: housing still uses

land only (ay, = 0).

Homogeneous regions For tractability, we start by shutting down heterogeneity
across regions. Subscripts ¢ are therefore temporarily removed. We assume that
agricultural output can meet subsistence, that is, T, (%)Ba > a2 (P g. Then, the
following proposition describes land allocation across uses, and how it changes with

aggregate shocks.

Proposition 2. With homogeneous regions, the share of land allocated to each sector

s € {a, f,h} is,

Qs _ 05+ Bar 1o

QX0+ B
where 0, = v and 05 = Bs(1 —~)vs for s € {a, f} combine each sector’s land intensity
and expenditure share and x = pea/I is the subsistence burden with I the per-capita
income net of subsistence.®
Agricultural land falls with agricultural productivity and rises with population, while

forest and housing land move oppositely. All land shares are invariant to T,, and T}.

All aggregate land-use changes operate through a single object, the subsistence
burden z = p,a/I. Under homothetic preferences (a = 0) it is zero, and land shares
are fixed by expenditure shares and land intensities alone. With a > 0, an increase
in agricultural productivity raises agricultural output faster than income-inelastic
(subsistence) demand, lowering the agricultural price p, in general equilibrium and
the subsistence burden: factors — land included — reallocate away from agriculture.
Urban and forest productivity, which leave the burden untouched, leave every land
share unchanged.

A larger population works the other way. With land in fixed supply, more people
bid up land rents, raise the cost of agricultural output, and so raise the burden,

pulling factors back into agriculture while housing and forest land contract. The pull

81 = (3>, wsLs) /L + ™ — paa, with 7 the per-capita rebated land-rents and profits.
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is stronger the poorer the economy.” Aggregate land use is thus a race: agricultural
land contracts, freeing land for forest and cities, only when agricultural productivity

outpaces population.

Implications across heterogeneous regions We now consider an economy of
heterogeneous regions hit by a common proportional rise in agricultural productivity,
AInT;, = AlnT,. Each small region takes general equilibrium prices p, and p; as
given. We investigate how the resulting common shifts across regions of p,7;, and
py impact land use heterogeneously across regions, depending on their specialization.

Figure 2 describe these results, formalized in Proposition A.1 in the appendix.

Rural regions Urban regions

Figure 2: Heterogeneous land use response across regions to a common shift in 7},

Under a mild parameter restriction, we show that the common increase in agri-
cultural productivity moves downward the key determinant of agricultural land use,
Daliq. That is, like in the homogeneous regions case, price drop more than agricul-
tural productivity increase. Moreover the key determinant of demand for forest land,
pf, may decrease too, but to a lesser extent than paTm.10 The common drop of p,T; ,

has two effects. First, it lowers land rents, leading to more demand for housing —

9The semi-elasticity 9(Qq/Q)/0Inz = (1 — o) (05 + 01) /(0 + (1 — ag)z)? (With © = >°_ ;)
is hump-shaped in the burden, peaking at * = ©/(1 — o), where Q,/Q = (6, + ©)/20; it weakens
beyond the peak.

10This property makes results starker. With DRS, it holds for a, in an intermediate range —
satisfied in our quantification. See Proposition A.2.
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the supply of the rural land (in blue on Figure 2) therefore shift downwards. Second,
the relative demand for forest relative to agriculture goes up: on Figure 2, the green
curve (demand for rural land) goes up. In more rural regions (left panel) that have
low T;, and/or low A;, the downward shift of the blue curve QZST due to housing
demand is limited as few people live there (at the extreme, T}, — 0, AQET = 0).
Therefore, the land-use reallocation is mostly driven by the shift in the green curve,
by which forest cover increases at the expense of agricultural land. '* In more urban-
ized regions (right-panel), high T;,, (or high A4;), the downward shift in Q7 is larger,
limiting forest expansion, even more so if the region is specialized in forestry (higher
T; ¢). In other words, while agricultural land contracts with a common increase in 7j,
the freed land mostly goes to forestry in rural regions and mostly to urban in more

productive and more populated regions.

3 Data

This section provides an overview of the data used to establish stylized facts and

calibrate the model. Additional details are provided in Appendix B.

Geography and Period We equate the J zones of our model to a granular parti-
tion of mainland France. The starting point is the 2,054 French cantons, a granular
administrative partition of France. In urban areas, a zone aggregates cantons that are
in the same urban area (“aire urbaine”).' More rural cantons are kept as separate
zones. This procedure yields a partition of France into 1,549 regions. We focus our
attention on four cross-sections: t € {1950, 1975, 2000, 2020} .

3.1 Land Use

At the heart of our study is a novel dataset describing land use in France since 1950.
We start with the HILDA+ dataset produced by Winkler et al. (2021), which reports

the main use of land at a 1 km spatial resolution across FEurope on an annual basis.

1'We also show that this reallocation is larger in regions with more rural mixed land-use (at the
extreme, AQ; s — 0 in regions fully specialized in agriculture).

12Tn INSEE’s 2010 definition, an “aire urbaine” is a contiguous group of municipalities (“com-
munes”, about 36,000 in France) made up of an employment pole with more than 10,000 jobs and
its commuting crown.
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HILDA+ combines satellite imagery for recent decades with a probabilistic recon-
struction of historical land use based on auxiliary data sources. We aggregate these
data into three categories for each zone: agriculture, forest and built-up (our “urban”
category)—leaving aside a small residual share of the territory (e.g. waterbodies,
moors, mountains’ summits,...).

We assess the accuracy of HILDA+ by comparing it with a range of alternative
data sources at different levels of granularity (land use surveys from Teruti, alternative
satellite data from Corine, agricultural Census measures of farmland). Agricultural
and forest land are measured accurately. Urban land, however, exhibits two biases.
The build-up in rural areas has a small footprint that the 1km resolution of HILDA+
cannot detect (a downward aggregation bias). Moreover, the extrapolation backwards
of HILDA+ assumes that extremely urban locations today were also very urban in
the past, which is quite inaccurate for the suburbs of large cities.

From 1975 onward, we redress the data using higher-resolution satellite measures
of urban built-up (GHSL, 250m resolution). We validate the corrected land-use data
against independent sources not used in the correction procedure and find that it
closely matches alternative measures of urban land use. For 1950, we adjust land-
use data backwards using a parametric relationship between built-up growth and
residential population growth, estimated on granular land use data available for Ile-
de-France at this date.

3.2 Emissions

To quantify the carbon consequences of land reallocation, we construct disaggregated
carbon-emissions accounts. Our starting point is the annual greenhouse gas inven-
tories produced by CITEPA, which report emissions in COy equivalents by sector
since 1970. We aggregate these data into the production sectors represented in our
model—urban production, agriculture, forestry, and housing—as well as emissions
from commuting and land cover. For land cover, we use regional emissions available
from 1990 onward. CITEPA reports emissions from energy production separately; we
reallocate these emissions to the sectors using the energy based on official data sources.
Our accounting departs from CITEPA’s treatment of harvested wood. CITEPA nets
wood removals from forest carbon absorption. Instead, we treat wood harvesting as

a production activity and allocate the associated carbon emissions to the sectors us-
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ing wood products. Land cover absorption is entirely driven by carbon sequestration
resulting from forest growth.

We also use more granular data on emissions from commuting and housing to cali-
brate the model. Local commuting emissions are constructed using INSEE’s mobility
data. Local residential energy consumption is obtained from the Ministry of Envi-
ronmental Transition, while housing characteristics, including the number of rooms

and the construction period, come from the 2022 Population Census.

3.3 Employment, Production and Subsidies

We combine a rich variety of data sources to construct a consistent dataset on pro-
duction and employment across sectors, years and locations. Table 1 summarizes
the variables we construct, together with their sources and coverage. For 1950, the
historical sources we digitize are available only at the département level. We allo-
cate them across zones within each département using the earliest available granular
within-département distribution.

The construction of agricultural value added and subsidies is more involved and is
further detailed. Agricultural value added (including indirect subsidies, e.g. support
to agricultural prices, subsidies to buy intermediate inputs, ...) is observed at the
département-level and distributed within département in proportion to the value of
production observed at a granular level. Direct subsidies (direct transfers to farmers)
are observed at the farm-level for recent years and at the département level for earlier
dates. Aggregating recent farm-level data and distributing earlier departement-level
data proportionately to agricultural factor inputs provides direct subsidies for each
zone at the different dates.'> By definition, agricultural revenues of each zone is the
sum of value-added and direct subsidies. Lastly, indirect subsidies are not directly
observed in agricultural accounts and constitute, depending on the time period, a
significant share of public subsidies. They are recovered in aggregate from the budgets

produced by the Ministry of Agriculture.

13Département-level direct subsidies are allocated proportionately to land and labor, with equal
weight on both inputs, in line with recent data.
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Table 1: Main employment, population, and production data sources

Data Source and coverage

Residential Since 1975: Census, employment by place of residence.

population 1950: digitized declarations ‘1024’ from Stat. Générale de la France.
Commuting 2019: INSEE-SDES Census-based commuting data -

residence-workplace flows, commuting distance and mode.

Employment and

wages

Since 1975: DADS by workplace for urban wages and wages of
salaried agricultural workers and Census for urban employment by
workplace. 1950: digitized declarations ‘1024’ (see above).

Since 1970: Agricultural Census for agricultural employment (incl.
self-employed). 1950: digitized 1954 Agricultural Census.

Agricultural VA
and production

over space

Digitized agricultural accounts (départemental from 1962),
Production in value from Agricultural Census (farm level, from
1970).

Agricultural

subsidies

Direct payments from agricultural accounts (départemental from
1962) and farm-level in 2022 (Telepac).

Aggregate support from digitized public spending since 1950 (Boyer
(1999) and Concours Publics a I’Agriculture).

Aggregate sectoral
value added or

production

From 1949: Rural VA (agriculture+forestry), Urban (residual),
INSE. From 1959, production/VA in agriculture from agricultural
accounts. Wood production from 1947, Ministry of Agriculture.

Sectoral prices

From 1949: Agricultural and urban prices from INSEFE & OECD.

From 1948: Digitized wood prices from Revue Forestiére Francaise.

4 Stylized Facts

4.1 Land use across time and space

The distribution of land use is highly uneven over space. Each map in Figure 3 shows

these specialization patterns by representing the share of land use in a given sector

across zones in 1950 and 2020.
In 2020, agricultural land covers 57% of France, forests 33% and the urban built-
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Figure 3: Land use shares in 1950 and 2020
Notes: Share of land use for each sector (agriculture, forest and urban built-up) across the 1,549
regions for 1950 (top panel) and 2020 (bottom panel). Aggregate land use shares in parenthesis.
Other non-productive land use are not considered such that land use shares sum to 1 in each region

j and in the aggregate. See Appendix B.1.1 for the construction of the land use data.

up spans 10% of the territory in 2020.'* Land use has changed substantively since
1950. Three main facts emerge: a drop in agricultural land use (= —20% since 1950),
a conversion into urban built-up with urbanization (= 200% increase since 1950) and
an increase in forest cover (= +50% since 1950). This structural transformation of
land qualitatively tracks the well-documented reallocation of employment away from
agriculture towards the urban sector, although it is more muted: since 1950, employ-
ment in agriculture has collapsed from about 5 millions (=~ 30% of employment) to
0.7 million (= 2% of employment).

Land use reallocation has been quite heterogeneous across space. Figure 4 sum-
marizes this heterogeneity by reporting changes in land-use shares, measured in per-

centage points. Guided by the logic of the model, regions are aggregated by bins of

14Most French forests are actively managed. Around 75% of forest land is privately owned, and
approximately 30% of wood used for energy is self-collected by households.
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land use specialization in 1950. We adopt this way of representing land use changes
throughout the paper. Panel (a) sorts the 1,549 regions by their 1950 urban land
share and groups them into 40 bins, each representing the same total area. The left-
most bins correspond to the most rural regions, while the rightmost bins correspond

to the most urbanized regions.
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Figure 4: Land use reallocation by initial land use (1950-2020)

Notes: Percentage points change in the share of land use by sector by bins of land use specialization
in 1950. The left panel bins regions by share of urban land use in 1950. The right panel bins regions
by share of agricultural land use relative to total rural land use.

Panel (a) shows a pervasive drop in agricultural land (represented in green), sys-
tematic afforestation (brown) and increase in build up (blue). The development of
urban land is skewed towards areas that were already urban in the 1950s—a phe-
nomenon of sprawl around urban areas. Panel (b) zooms in on rural areas, cor-
responding to the bottom 75% in terms of initial built-up in 1950. It represents
land-use change by bin of initial share of agricultural land use relative to rural land
use. Again, each bin corresponds to the same total land area. Panel (b) shows that
locations with mixed agricultural-forest land use see the largest reallocation. The U-
shape evolution of agriculture combines two forces: the most productive agricultural
land survived structural change more (to the right); the least productive zones were

already near-fully forested in 1950 (to the left).
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4.2 Agricultural subsidies

After WWII, French agriculture lagged behind other advanced economies (Bairoch
(1989)). Early national agricultural policies targeted modernization, tilting subsidies
toward investment and rural development. Later on, with rising productivity and
falling prices, agricultural policy shifted toward compensating a declining sector —
and was increasingly set at the European level under the Common Agricultural Policy
(CAP). Figure 5a plots the evolution of agricultural subsidies as a share of agricultural
revenues since 1950 (green line) and the progressive substitution of national schemes
for European ones (dashed brown line). Agricultural subsidies have risen fourfold as
a share of revenue, from roughly 8% in the 1950s to 32% today, notwithstanding a

recent decline.
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Figure 5: Agricultural subsidies

Notes: In Panel (a) subsidies are presented as a share of revenue. Panel (b) plots the share of direct
subsidies in agricultural income in 2020 against land productivity. Agricultural revenues is the sum
of VA and direct subsidies. Land productivity is the value added per ha of agricultural land.

Figure 5a also decomposes total support into direct subsidies (black line) and
indirect subsidies (the residual). Before 1992, CAP support relied primarily on indi-
rect subsidies, including guaranteed floor prices through public purchasing. The 1992
MacSharry reform marked the beginning of a gradual transition from price support
to direct payments to farmers. Initially, these payments were largely designed to
compensate farmers for reductions in price support and remained coupled to specific
crops or production activities. The 2005 CAP reform completed this shift by largely

decoupling payments from current production. Direct support became based primar-
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ily on eligible land, livestock holdings, and historical payment entitlements rather
than on production decisions.

Importantly, the reliance on subsidies varies substantially across space in the re-
cent period. Direct payments are strongly redistributive, partly reflecting the goal of
preserving agriculture in rural regions. Across départements in 2020, Figure 5b plots
the share of direct subsidies in agricultural income against land productivity, mea-
sured as value added per hectare of agricultural land (log scale). Subsidies account
for a much larger share of farmers’ income in low-productivity areas: above 60% in

the least productive départements and below 15% in the most productive ones.'®

4.3 Emissions

Sectoral emissions Land use and land-related activities account for a large share of
national emissions and carbon absorption: on average over the period 2000-2020, com-
muting and housing represents 39% of gross emissions, agriculture 17%, and forests
offset 23% through carbon sequestration. These land-related emissions and sinks are
the central object of our analysis. Figure 6 plots their evolution by sector from 1970
to 2022, together with other emissions.

Since the 70s, production-related emissions in the urban sector declined steadily,
reflecting cleaner electricity (in particular the expansion of nuclear power) and im-
provements in manufacturing efficiency. Agricultural emissions, by contrast, remained
broadly stable. Commuting emissions rose between 1970 and 1990 before stabilizing,
as the growth in vehicle use was gradually offset by falling emissions per vehicle.
Housing emissions fell sharply in the 1980s and declined more gradually thereafter.

Forests increasingly acted as a carbon sink over most of the period, as forest
area expanded. This trend reversed in the 2010s, however, largely because repeated
droughts reduced absorption capacity. We use regional data on forest absorption to
allow sequestration rates to vary with local weather and soil conditions. Absorption
per hectare varies substantially across regions, by a factor of six between the extremes,

and lower absorption capacity is strongly associated with higher summer temperatures
(Appendix B.1.4).

15Results are very similar for 2000. Before 1975, direct subsidies are much smaller in magnitude
and support is indirect. Indirect subsidies are only observed in the aggregate but were arguably
much less spatially tilted towards low-productivity regions, as they were implemented through price
support.
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Figure 6: Emissions by sector and decade
Notes: Mton of CO5 equivalent. Authors’ computations based on CITEPA.
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Figure 7: Commuting emissions as a function of within-zone distance.
Notes: Weekly emissions per capita due to commuting (in C02e grams). Distance in kms. Each dot

is a zone and zones are weighted by the number of internal commuters in the zone.

Commuting and housing emissions across space Granular 2020 data on com-
muting and residential energy use let us estimate how these emissions vary with

distance and density. Commuting emissions rise with distance, with an elasticity of
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0.91, and fall with density at both the residence and the workplace, with elasticities of
—0.07 and —0.04 (Figure 7). Housing emissions rise with dwelling size, with an elas-
ticity of 0.85, and fall with residential density, with an elasticity of —0.09. Appendix
B.2.2 reports the underlying specifications.

5 Calibration and Model Fit

5.1 Calibration

We calibrate the model by inverting the equilibrium of Section 2: conditional on model
elasticities and on the spatial data, we recover the location fundamentals and the
aggregate preferences that make the model reproduce the data. Recovering location
fundamentals by inversion is standard in quantitative spatial economics (Redding and
Rossi-Hansberg, 2017). A distinctive feature of our approach is that we estimate non-
homothetic preferences from the reallocation of labor and land across sectors between

1950 and 2020. The two cross-sections are therefore calibrated jointly.

Externally calibrated elasticities A first set of parameters is calibrated outside
the model (Table 2). Following Fuglie (2015), the labor and land income shares in
agriculture are a, = 0.51 and 3, = 0.17, implying decreasing returns v, = 0.68.16
Digitized French forestry accounts give 8y = 0.45, imposing the same returns to scale
in forestry and a labor share oy = 0.23. The land share in housing is 1 — oy, = 0.35
(Combes et al., 2021), the housing expenditure share is v = 0.30 (Coeurdacier et al.,
2025), and the dispersion of idiosyncratic location tastes is k = 3.3, the migration
elasticity of Monte et al. (2018).

Parameterization and normalizations We normalize the rural work amenities to
one, A;, = A, s = 1, so that only the urban work amenity varies across space; allowing
it to vary is natural, as it captures commuting patterns not easily explained by other
forces, whereas there is less justification for such heterogeneity in the rural sectors. We
normalize housing productivity to one, T}, = 1, as it is not separately identified from

residential amenities. Finally, we parameterize the within-zone commuting distance

6This is in line with the consensus evidence pointing to a labor income share around 0.5 and
a land income share around 0.2 for developed countries, including the US (Boppart et al. (2026),
Valentinyi and Herrendorf (2008)).
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Table 2: Aggregate parameters calibrated externally

’ parameter \ value \ source
Qg 0.51 Fuglie (2015)
Ba 0.17 Fuglie (2015)
ay 0.23 INSEE - comptes de la sylviculture
B 0.45 Vo = Vg
ap, 0.65 Combes, Duranton and Gobillon (2021)
ol 0.30 | Coeurdacier, Oswald and Teignier (2025)
K 3.3 | Monte, Redding and Rossi-Hansberg (2018)

d;; as a function of the built-up area in the zone, to capture urban sprawl: d;;; =
i 2020 (Q 1 1/ @ po020)" - We estimate ¢ = 0.484 using the INSEE commuting data
for 2020, and calibrate the relationship matching the observed average commuting

distance within a zone in 2020, given measured Q¢,, , for 1950 and 2020."7

Non-homotheticities The demand parameters are recovered jointly from the two
cross-sections. The subsistence requirement a and the agricultural taste ~,, both
time-invariant, follow from agricultural goods-market clearing (4) in 1950 and 2020:
given the measured productivity growth, the magnitude of the agricultural decline
pins down the income elasticity of food demand, and hence the two Stone-Geary
parameters. This is why the dates must be calibrated jointly. We allow the preference
weight towards forest goods, v, to vary over time, accounting for a potential drop
in the use of wood as an energy source; it is pinned down by the afforestation through
forest goods-market clearing at each date. The estimation conditions on the aggregate
share of subsidies in agricultural revenue from the data equal to 7.6% in 1950 and
31.6% in 2020.

Inverting the spatial fundamentals Conditional on these elasticities, we invert
the equilibrium of Section 2, separately at each date and up to a normalization of
units. Each zone is endowed with the stock of land Qj measured in the data. The
inversion then recovers six spatial residuals from six spatial moments. The residu-
als are the subsidy-augmented productivity in agriculture IN}’S = (1 + s;5)T}s; the

productivity in the urban and forest sectors T ¢, T} .,; the residential and urban-work

1"The proximity of ¢ to 1/2 reflects that the average distance between two points in an area of
size @y, scales with its radius, v/Qp.
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amenities A;, A;,; and the urban land premium m,. The matched moments are urban

d : d
wages wj,,, agricultural revenue R ,

population N¢ and the workplace distribution of urban employment Liu.

forest cover Q;{ #» built-up land Q;{h, residential

The residuals are jointly determined, but each is intuitively identified by one
moment. Land earns a fixed share 5, of agricultural revenue, so the agricultural first-
order condition recovers the local land rent p; from agricultural revenue and land,
deduced from the land resource constraint. Given rents, each sector’s productivity
is the residual of its price equation: urban productivity from urban wages, forest
productivity from forest cover, and agricultural subsidy-augmented productivity from
agricultural revenue. The aggregate level of each matches the growth of aggregate
sectoral output.'® The residential amenity A; rationalizes the population living in
each zone, and the urban work amenity A;, the relative workplace distribution of
urban employment across locations. The urban land premium m; rationalizes the
built-up area through housing-market clearing. Two aggregate margins close the
picture: the agriculture—urban wage gap sets the level of agricultural wages and the
level of the urban work amenity allows to match aggregate agricultural employment,
as a lower urban amenity draws workers into agriculture. The spatial distribution of
agricultural employment is itself left free: with no agricultural work amenity, canton-
level L, is a sorting outcome, pinned down only once revenue identifies agricultural

productivity. The full system of inversion equations is in Appendix C.1.

Commuting Across zones, commuting distances d;; are time-invariant distances
between zone centroids. The commuting elasticity & is calibrated to match the average

commuting distance over trips below 100 km in 2020, d%y,, = 13.34 km.

Agricultural subsidies The calibration up to this stage recovers subsidy-inclusive
productivity ija by relying only on the aggregate value of subsidies Sit. Separating
productivity T;, from the subsidy requires the local rate s;,. We measure the local

direct subsidies in the data, and combine them with a spatially uniform rate of indirect

18We target the volume of wood production for forestry, the value added of manufacturing and
services deflated by the urban price index for the urban sector, and agricultural value added at
factor cost (inclusive of subsidies) deflated by the agricultural price index for agriculture. To avoid
the 2020 COVID shock while preserving a 70-year change, we use 1949 and 2019 in place of 1950
and 2020. The implied Solow-residual growth is about 2.3% per year for urban and agriculture, and
1.4% for forestry.
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subsidies—price and market support, which are unobserved across space—set so that

total indirect subsidies match the data aggregate.'”

Emission intensities Emissions are a by-product of the allocation and are cali-
brated last, holding the equilibrium fixed. The production and land-cover intensities
{ps, As} are set to reproduce the 2020 sectoral carbon accounts (Section 3.2). The
forest land intensity is allowed to vary across the 21 administrative regions, capturing
that forests in warmer regions store less carbon per unit of land. The density elas-
ticities of housing and commuting emissions enter these intensities and are estimated
directly on the granular 2020 data (Section 4.3 and Appendix B.2.2).

Estimation results Appendix C.2.1 summarizes the estimated parameters. The
agricultural preferences combine a strong non-homotheticity with a low long-run
weight: the subsistence term accounts for almost a quarter of expenditure in 1950
(paa =~ 25%), while the long-run taste is small, v, ~ 0.5%. While ~, seems on the
low side relative to standard values at first glance (Duarte and Restuccia (2010),
Herrendorf et al. (2013), Coeurdacier et al. (2025)), the implied long-run agricultural
employment share actually lies square in the range of the literature, owing to im-
perfect mobility across sectors. Less standard is the declining taste for forest goods:
v+ falls markedly between 1950 and 2020, in line with the replacement of wood by
other materials. Although its 1950 level may appear high, non-homotheticity keeps
the forest spending share low throughout (around 4% in 1950 and 1% in 2020).

5.2 Assessing Model Fit

By construction, the model matches in both periods land use, agricultural revenues,
population, urban employment and urban wages across space.?’ We validate the
model performance by investigating its ability to match untargeted moments in (in-
sample) dates 1950 and 2020, and to fit the evolution of factor use at (out-of-sample)
interim dates, 1975 and 2000.

19This assumption is arguably innocuous quantitatively: indirect subsidies are a small share of
subsidies in 2020, when subsidies are large, while in 1950 they are a high share but total subsidies
are low.

20These outcomes are matched in the aggregate with the exception of urban employment. In-
stead, the estimation matches the change in the average sectoral wage gap, wg’t Jwd, together with
aggregate agricultural employment. This implies a close fit for aggregate urban employment since
the forestry sector has few workers.
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Untargeted moments Starting with aggregate moments, we compare the change
in the relative prices in agriculture, p, ¢, and in forestry, ps,, to their data counterpart.
The fit is very close for both prices. In the model, over 1950-2020, the change of the
relative price of agricultural goods is —65% compared to —61% in the data; the
corresponding change for p; is —36% in the model compared to —33% in the data.?!
In other words, while our model matches by construction the agricultural decline in
terms of quantities (land use and employment), it succesfully matches untargeted
relative prices driving it.

In the cross-section, one can validate the model by looking at the dispersion of
agricultural employment across space. The fit is also very good, the model accounts
for more than 85% of the spatial variations in the data, even though the model tends
to overestimate agricultural employment in regions with fewer workers (Figure 8).
Comparing commuting flows to their data counterpart in 2020, the model also repro-
duces very well the non-targeted decay of commuting flows with respect to commuting

distance (see Appendix C.2.2).
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Figure 8: Agricultural labor across space: data vs. model.

Out-of-sample interim dates The model is calibrated in 1950 and 2020. As
model validation, we confront the model’s predictions to the data at interim dates,
1975 and 2000, where model predictions come from shifting only aggregate parameters
(with the exception of subsidies that are set to their data counterpart). That is,

we fix the distribution of spatial parameters to their 1950 value. We then apply an

21Tn line with the calibration, we use data over 1949-2019 to avoid the 2020 covid shock.
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Figure 10: Model predicted change in land-use share relative to 1950 against data.

homogeneous shift across space to each vector of spatial residuals. While homogeneous
shifts in sectoral TFP and population can be disciplined to match their aggregate
value in 1975 and 2000, the homogeneous shift in urban work amenities, A, ;, urban
land premium, m,; and the shift in the preference towards forest goods, ¢+, do not
have immediate correspondence in the data. We proceed as follows: v, is set to
match the change in the price of wood.?* Aggregate shifts in A,,; and m;,; are simply
linearly interpolated between 1950 and 2020. Figures 9 and 10 display the results.
Figure 9 shows that aggregate shifts in the drivers of structural transformation predict
well the evolution of agricultural prices and the reallocation of employment and land

away from agriculture. Figure 10 that focuses on cross-region change in land use

22Specifically, the data counterpart for the price of wood is a smoothed series that leaves aside
the transitory spike following the oil shocks in the 1970s (see Appendix C.2.2 for details).
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shows that the model match well the structural transformation of land across periods
and across space.?? It is worth insisting that variations in land use changes across
space are obtained despite homogeneous shifts of the residuals. Overall, we conclude

that the model performs reasonably well out-of-sample.

6 Counterfactuals

Equipped with the quantified model, we perform a series of counterfactuals to disen-
tangle the mechanisms driving land use reallocation over the period and to evaluate

policy, notably potential reforms of the common agricultural policy.

6.1 Decomposing land-use reallocation

Agricultural productivity growth reallocates land out of agriculture, while agricultural
subsidies partly offset this process. To isolate these forces, we vary productivity and
subsidies while holding all other fundamentals — amenities, urban land premium, total

population and preference for wood—, fixed at their 2020 calibrated values.

Technology-driven structural transformation. We start by isolating the effect
of uniform technological change from that of (i) spatial heterogeneity in technolog-
ical change and (ii) subsidies. We first investigate the effect of a spatially uniform
shift of technology between 1950 and 2020 that matches average TEFP growth. For
now, we hold agricultural subsidies fixed at their 1950 level. Figure 11 shows the
resulting change in land-use shares compared to 1950 in this counterfactual (solid)
compared to the change that actually happened (dashed). The counterfactual already
reproduces the main features of the 2020 land-use data: agricultural land contracts,
forests expand in rural areas, and cities sprawl.?* However, these homogeneous TFP
shifts predict a decline of agriculture in excess of the data, particularly in the most
rural regions and in areas with more mixed land use in 1950, already suggesting an

important role for agricultural subsidies.

23Scatter plots of the predicted cross-sectional employment and land use against the 1975 and
2000 data are relegated to Appendix C.2.2.

24Rapid agricultural productivity growth is crucial for forest expansion. Had aggregate agricul-
tural TFP grown by only 1% rather than 2.3%, the model predicts that France would have seen
deforestation, an effect that would have been even larger under faster population growth (see Ap-
pendix C.2.3).
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Figure 11: Land use reallocation under homogeneous TFP shifts (1950-2020)

Notes: Counterfactual change in land use shares with homogeneous sectoral TFP shifts at the
average 1950-2020 growth and no subsidy change (solid); data (dahsed). Bins of 1950 land use.

The close fit we obtain with homogeneous TFP shifts actually masks two sizable
countervailing forces that now we turn to: spatially heterogeneous shifts in technology

(which pushes more land out of agriculture) and in subsidies (which pull it back in).

Heterogeneous productivity shifts across space. We next shift the whole vec-
tors of sectoral productivities to their 2020 levels—leaving all other parameters un-
changed compared to the previous counterfactual. Figure 12a plots the marginal
effect of these heterogeneous shifts compared to the previous counterfactual, isolating
the pure effect of spatial dispersion of technology growth on land use. It is remarkable
that with heterogeneous technological shifts, agricultural land use drops significantly
more, everywhere, compared to homogeneous shifts of the same magnitude. The ef-
fect is sizable as aggregate agricultural land shrinks by about 15%. Mean-preserving
heterogeneous productivity shifts can have aggregate effects because agricultural pro-
ductivity growth is higher in initially more productive regions.?> This spatial con-
centration of agricultural production in productive areas reduces the land required to

satisfy subsistence needs thus freeing land for both forests and urban development.

25 Agricultural TFP growth across regions is positively correlated with initial TFP. Regressing
1og(T5j,a,2020/ Tj,a,1950) on 10g(T}j.q,1950) gives a slope of 0.17 and the dispersion of log(Tj,q+) widens
from 0.52 to 0.75.
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Figure 12: The role of heterogeneous TFP and subsidies on land use

Notes: Left: marginal change in land use shares in a counterfactual with heterogeneous TFP shifts
relative to a counterfactual with homogeneous TFP shifts.

Right: marginal change in land use shares in a counterfactual with heterogeneous 2020 agricultural
subsidies relative to a counterfactual with 1950 subsidies (solid). Marginal change under a uniform
shift in the subsidy rate (dashed).

The role of agricultural subsidies. We now move agricultural subsidies to their
2020 levels, keeping everything else as in the previous counterfactual. The right
panel of figure 12b plots the marginal effect of these subsidies on land use (solid
line). Overall, subsidies increase agricultural land by 20% and preserve agricultural
land that would otherwise have been mostly converted to forests, particularly in the
most rural regions. It is interesting to contrast these results with those of a uniform
increase in subsidies (for the same budget) which, as shown in dashed line, would
have had a much smaller effect on land use. This difference obtains because actual
subsidies increase more in less productive regions (Figure 5b). Reallocating agricul-
ture there lowers aggregate productivity, calling for more agriculture land overall to
meet subsistence needs and limiting forest expansion. Lastly, subsidies to agriculture
also limited conversion into urban built-up by preserving farmland values, though the

effect is small in magnitude as seen on the figure.

6.2 Structural Transformation and Carbon Emissions

We turn to asking: does structural transformation makes the economy cleaner? In

this analysis, we hold all emission intensity parameters fixed at their 2020 values and
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only change the composition of economic activity. We rely on the same counterfactual

exercises as above.?0

The effect of structural transformation. The counterfactual exercises that shift
productivity (either homogeneously or heterogeneously) reveal that total emissions
increase relative to the 1950 benchmark. Part of this increase, however, simply reflects
higher production levels and higher population. To better understand the underlying
mechanisms, we decompose emissions into two broad categories. First, we consider
production emissions in the urban, agricultural, and forestry sectors. Since these
emissions increase mechanically with the level of economic activity, we report them
relative to GDP. Second, we examine emissions associated with land use, housing,
and commuting. These sources depend directly on how land and people are allocated
across space and are therefore reported in levels (MtCO,).

Figure 13a reports change in production emissions. Structural transformation
reduces the intensity of production emissions by 45%, whether productivity gains
are homogeneous (2nd column) or heterogeneous across space (3rd column). This is
because the economy reallocates away from the dirtier sector (agriculture) and into
the cleaner one (urban sector, which includes services).

Figure 13b turns to the emissions associated with land use. The blue bars indicate
emissions associated with urban sprawl (ie. housing and commuting) while the brown
bars measures carbon sequestration from forests. In 1950 (first column), these two
forces roughly offset one another. Structural transformation (third column) subse-
quently increased forest land use, strengthening the role of forests as carbon sinks,
but at the same time it induced urban expansion and longer commutes, raising emis-
sions. The results from our quantification exercise indicate that on net, the latter
force dominated during France’s structural transformation, despite a non-trivial re-

forestation.?”

26Emission intensities changed substantially between 1975 and 2020, reflecting cleaner production
technologies, changes in the energy mix, and improvements in energy efficiency. Appendix C.2.3
repeats the analysis using 1975 emission factors. The qualitative conclusions remain unchanged,
although they are dampened quantitatively.

2TPart of the increase in urban sprawl reflects population growth. Appendix C.2.3 repeats the
exercise holding population fixed at its 1950 level. Although the growth in housing and commuting
emissions is attenuated, it remains larger than the additional carbon sequestration generated by
forests.
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The effect of agricultural subsidies Our decomposition reveals that agricultural
subsidies alone increase total emissions by about 10%. Production emissions rise by
13%, entirely driven by the expansion of emission-intensive agriculture induced by the
subsidies. They also slow the reallocation of land toward forests thereby reducing the
economy’s carbon sequestration capacity, while their effects on limiting urban form

are modest, since subsidies are concentrated away from urban areas.
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Figure 13: Emissions: structural transformation and subsidies

Notes: Panel a: production emissions as a share of GDP. Panel b: commuting, housing and land-use

emissions in MtCOs. Both panels use 2020 emission factors.

6.3 Policy counterfactuals

The analysis above showed that agricultural subsidies increased carbon emissions.

We now use the model to evaluate alternative subsidy schemes.

Reforming the CAP Subsidies under the CAP are designed to preserve revenues
in low-productivity rural regions; they do so by subsidizing agricultural production
while providing little direct support to forestry. We consider instead a reform, which
we refer to as equal subsidies, that reallocates the existing subsidy budget within
each region between agriculture and forestry. Specifically, agricultural and forest
land receive the same per-hectare subsidy in each region, with this common subsidy
rate calibrated to preserve the regional subsidy budget.

Replacing the current CAP with equal subsidies reduces agricultural land by 18%

and increases forest cover by 26%, as land responds to the revised incentive structure.
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These changes translate into substantial environmental gains. Total emissions fall by
13%, reflecting three channels. First, the contraction of agricultural production di-
rectly lowers agricultural emissions. Second, the expansion of forests increases carbon
sequestration. Finally, although the reallocation of land induces a modest increase in
emissions associated with urban expansion, this effect is more than offset by the first
two channels.

It is useful to compare this reform with the flat subsidies counterfactual considered
in the previous section, which replaced the existing schedule of agricultural subsidies
with a uniform subsidy rate across regions that preserved the total subsidy budget.?®
Interestingly, the two reforms generate broadly similar aggregate changes in land
use, but their implications for emissions differ markedly. Under flat subsidies, total
emissions decline by only 4%, compared with 13% under equal subsidies. The key
difference lies in agricultural emissions. Flat subsidies have a much stronger realloca-
tion effect: agricultural land is reallocated to more productive places, thus increasing
emissions per hectare. As a result, the flat subsidies reform increases agricultural
emissions even though the decline in farmland is comparable to that achieved by the

equal subsidies scheme (see Appendix C.2.3 Figure C.8).

Subsidizing high-sequestration forests Lastly, we examine whether reallocating
forests toward regions with greater carbon sequestration potential, the Northern part
of France, can reduce emissions. Starting from the equal subsidies counterfactual, we
increase forest subsidies uniformly in the North while reducing them in the South,
keeping the policy budget-neutral.?? As shown in Appendix C.2.3, this policy lowers
emissions through two channels: it strengthens forest carbon sinks and reduces emis-
sions from housing and commuting. By subsidizing the most land-intensive sector in
the more densely populated North, it raises land prices at the urban fringe and limits
urban sprawl (e.g., around Paris). Still, the gains remain modest: a 30 percentage-
point increase in the northern forest subsidy reduces total emissions by only 1.1%.
However, with the global rise in temperatures, southern forests might be more at risk

of droughts and wildfire, making the policy more beneficial looking forward.

28This counterfactual was introduced to illustrate the mechanisms at work, but it can also be
interpreted as an alternative policy reform.

29North = Bretagne, Pays de la Loire, Basse-Normandie, Haute-Normandie, Picardie, Nord-Pas-
de-Calais, Champagne-Ardenne, Lorraine, Alsace, Centre, Ile-de-France; South = the remaining 10
regions. The average carbon absorption capacity per hectare is 45% higher in the North than in the
South.
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7 Conclusion

We develop a quantitative spatial framework linking structural transformation, land
use, and carbon emissions, and combine it with newly assembled long-run spatial
data for France over 1950-2020. The model is calibrated to the evolution of land use
across roughly 1,500 regions and used to decompose the drivers of land-use change
and to evaluate policy counterfactuals with spatial land reallocation.

Technology-driven structural transformation reallocates land out of agriculture:
as productivity rises, forests expand in rural areas and cities spread at their fringe.
Agricultural subsidies distort this reallocation. Tilted toward less productive regions,
they preserve agricultural land, slow reforestation, and raise carbon emissions by
about 10%. The geography of support, more than its level, shapes these aggregate
effects.

Looking ahead, the framework can be applied to land-use policies—such as green
belts or forest subsidies—to weigh their climate gains against their economic costs,
and extended to other settings using global satellite data. We leave these questions

for future research.
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