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Abstract

This paper investigates the consequences of land consolidation on agriculture’s vul-
nerability to extreme temperatures. Combining quasi-weekly satellite data on land
productivity with farm-level cadastral data, we show that while highly consolidated
land provides the majority of the country’s food production, it suffers dispropor-
tionately from extreme weather events. We find that a key driver of resilience is the
negative relation between land consolidation and biological diversity, which helps
buffering the adverse effects of heat-shocks. This implies a trade-off between pro-
ductivity and resilience, which becomes critical as heat-shocks grow stronger and
more frequent.
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1 Introduction

Does farmland consolidation make agriculture more or less vulnerable to climate change?
The productivity gains from land consolidation and modern agriculture are well docu-
mented (Adamopoulos and Restuccia, 2014; Foster and Rosenzweig, 2022). Yet far less is
understood in economics about how these structural changes may interact with increas-
ing climate risks. The rise of industrial agriculture has played a crucial role in providing
sufficient nutrition for the world’s population, with one defining feature being the consol-
idation of land ownership, leading to larger farm sizes and higher land inequality. This
trend is consistent with the presence of large economies of scale in a price taking market.
However, it has also led to intensive farming practices, increased crop specialization, and
reduced ecological diversity. The agro-biology literature provides evidence that the latter
two may be key to moderating adverse climate shocks (Renard and Tilman, 2019). A
better understanding of the relationship between land distribution and climate resilience
is critical for food security. And while the existing literature has focused on forecasting
the damage caused by climate change and adaptation through technology (Vogel et al.,
2019; Moscona and Sastry, 2023; Bilal and Känzig, 2024), it has not addressed whether
climate shocks are more detrimental to primary production when productive allocation is
highly concentrated

This paper empirically investigates these questions by linking yearly land ownership and
utilization records with high-frequency plant growth observations in France. We measure
land consolidation through geo-referenced cadastral data, providing detailed information
on agricultural plots, including their shape, size, precise location, and crop composition.
This dataset allows us to construct detailed yearly estimates of farmland concentration,
such as Gini coefficients and average farm sizes at a granular level, alongside estimates
of crop diversity with over 200 species categorized at the plot-level. To complement this,
we incorporate satellite imagery from NASA, which estimates biomass production across
the entire French territory, and can be analyzed to focus specifically on the productiv-
ity of food-producing farms. These satellite-based estimates, adjusted for factors such
as cloud coverage, provide land productivity measurements at a 500m2 resolution every
eight days, allowing for precise tracking of growth dynamics. Productivity is measured
through Gross Primary Productivity (GPP)—a widely used biological metric that reflects
biomass production per unit area. GPP captures carbon content rather than economic
value, making it distinct from market-based yield measures.1 Additionally, we integrate
temperature data from Météo France’s SAFRAN physical model, enabling us to account
for the impact of weather conditions. We define temperature shocks using the local thresh-
old where agricultural productivity begins to decline, taking into account the nonlinear
relationship between yield and temperature. These treatment thresholds are established
by calculating the weighted average of crop-specific thresholds within a given area, based
on the yearly crop composition. Together, these data sources allow us to create a 7 year
panel with observations at the weekly level for an arbitrary geographic area.

Our results reveal a nuanced relationship between land consolidation, productivity, and
resilience. We begin by confirming the established inverse relationship between farm

1While GPP is always proportional to yields, it does not directly correspond to market prices, as it
primarily measures carbon content rather than economic value. This allows us to focus on produced
quantities without needing to disentangle price effects, which emphasies food security rather than profit
maximization.
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size and productivity, where higher land consolidation results in lower per-square-meter
yields. We then expand this by showing how these productivity differences grow sharper
across the temperature spectrum. We find that under extreme temperatures, larger, more
consolidated farms suffer sharper productivity declines compared to smaller, diversified
ones. Despite their labor efficiency, consolidated farms prove more vulnerable to thermal
stress, suggesting that their capacity to withstand climate extremes is diminished. This
finding, robust to a range of controls, underscores the trade-offs between efficiency and
resilience, with significant implications given that yearly aggregate agricultural output in
France is dominated by regions with high Gini coefficients and large farms.

In our preferred specification, we estimate that farms in the first quartile of land Gini
lose around 3.9% of their production for every additional degree above the threshold,
while those in the fourth quartile lose 6.4% of their weekly production, on average. We
estimate average treatment effects for crossing the threshold with a Gini inter-quartile
range between -5 to -7 percentage points. The significantly sharper productivity de-
clines seen in highly consolidated land under extreme heat underline the importance of
the productivity-resilience trade-off. We illustrate this by augmenting the simple supply
model with a biodiversity parameter that is positively correlated with crop resilience but
also positively correlated with costs. Farmers’ (and policy makers’) optimal production
decisions then become more nuanced in a world with increased climate risk.

We then investigate whether biological diversity levels explain the differential impacts
of heat shocks across varying degrees of land consolidation. Two types of mechanisms
emerge from the biology literature. The first is portfolio mechanisms, which relate to
crop diversification both within and between crop types (Abson, Fraser, and Benton,
2013; Renard and Tilman, 2019). A diversified crop portfolio spreads risk across species
with varied heat tolerances, genetic traits, and growth strategies. This approach enhances
resilience by ensuring that even if one crop struggles under extreme conditions, others may
still thrive due to different heat responses or genetic resistance to stress. Our analysis
shows that lower crop diversity in highly consolidated areas explains part of the variation
in treatment effects across the consolidation spectrum. The second type of mechanism
is ecosystem services, which are linked to the presence of natural and semi-natural areas
(Kremen and Miles, 2012; Tamburini et al., 2020). These areas, often diminished in
more consolidated land, play a critical role in enhancing crop resilience by providing
key ecological functions—such as temperature regulation, refuge for pollinators, water
retention, soil erosion control, and pest management. Our findings indicate that ecosystem
services help explain much of the differential effects observed across the quantiles of Gini
and farm size, underscoring their importance in sustaining agricultural resilience in the
face of climate shocks.

In sum, we find that land inequality and natural diversity can be thought of as different
faces of a coin, one side being the political economy that accounts for institutional fac-
tors and productive decisions, while the other accounts for both biological and portfolio
mechanisms. And although our data show a very strong inverse relationship between the
two, consistent with market incentives, it is non-deterministic. Individual producers and
policy makers are free to chose to diversify their production considering climatic risks.

The European Union has implemented a set of policies promoting agro-ecology, which
involves leveraging biodiversity to reduce greenhouse gas emissions while sustaining pro-
duction. This concept is integral to the European Green Deal and recent Common Agri-
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cultural Policy reforms. In France, agro-ecology has been a legal objective since 2014, sup-
ported by major initiatives like France Relance and Ecophyto. Although agro-ecological
investments are typically framed as a way to mitigate the causes of climate change while
preserving biodiversity, they are seldom recognized for their potential to address the
consequences of climate change. Our findings highlight the dual strategic value of such
investments.

Our findings contribute to two strands of literature: climate change adaptation and the
inverse relationship between farm size and productivity (IFSP). We expand on existing
research by providing empirical evidence that crop diversification, especially when com-
bined with seminatural areas, enhances agricultural resilience to extreme temperatures,
making it an effective means of adaptation. This perspective bridges insights from biology
with the complexities of property rights and economic decision-making, underscoring the
technical and political challenges of implementing diversification policies. Furthermore,
we contribute to the IFSP literature by showing that this relationship is not solely deter-
mined by farm-level factors but also influenced by broader ecosystem dynamics. We also
extend this framework to include temperature effects, highlighting how climate variations
interact with farm size and productivity.

The remainder of this paper is structured as follows. Section 2 summarises related strands
of literature, as well as our contribution to them. Section 3 presents our simple supply
function model, which serves as a theoretical framework for our empirical analysis. In
section 4, we quickly describe data sources, definitions, concentration indices, and our
heat-shock variable. Section 5 presents the stylized facts, results, and robustness checks
of our empirical analysis, examining the relationship between land inequality, diversity,
and agricultural productivity. Section 6, discusses and concludes on our findings, their
implications for policy and for future research.

2 Related literature

This study intersects with two strands of the literature. First, the emerging literature on
adaptation to global warming, which aims at preparing our productive systems to looming
extreme weather events, with a special focus on agriculture. Second, it contributes to the
literature on the inverse relationship between farm size and productivity, a century old
puzzle to which we bring new insights.

2.1 Adaptation to climate change

The adaptation to climate change has been a focal point of recent research, exploring
both mitigation strategies and the challenges posed by extreme weather. However, most
findings from this body of work paint a rather grim picture, revealing limited signs of
effective adaptation.

Burke and Emerick (2016) study historical data on U.S. agricultural production, high-
lighting the scarce evidence of farmers’ adaptation. The authors find that long-run ad-
justments have done little to mitigate the short-run impacts of extreme heat on corn
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yields, despite the clear detrimental e�ects of extreme temperatures on yields. Expand-
ing beyond the agricultural sector in the U.S., Burke, Zahid, et al. (2024) examine various
outcomes�such as crop yields, mortality, and economic activity�in regions including the
U.S., Europe, and Brazil. They conclude that while some areas show reduced sensitivity
to climate change, the majority of outcomes studied do not exhibit signi�cant adaptation,
indicating that existing strategies have not e�ectively mitigated climate-related damage.
Some studies even �nd counterproductive responses, such as Aragón, Oteiza, and Rud
(2021), while studying Peruvian subsistence farmers. The authors reveal that increased
input use in response to extreme heat, particularly land intensi�cation, paradoxically
exacerbates yield reductions in the longer run.

Some studies o�er slightly more encouraging, albeit limited �ndings. Moscona and Sastry
(2023) investigate the potential for directed innovation and demonstrate the signi�cant,
though incomplete, role of technological change in adapting to global warming in U.S.
agriculture. Their research shows that directed innovation has o�set approximately 20%
of potential losses in U.S. agriculture due to damaging climate trends since 1960, with
projections suggesting that innovation could o�set 13-16% of the projected damage by
2100. Although promising, these results depend on continued innovation and adaptation
e�orts. In a more theoretical perspective, Costinot, Donaldson, and Smith (2016) em-
phasize the role of comparative advantage in international markets, suggesting that the
e�ects of climate change on yields could be mitigated through a strategic reshu�ing of
production and trade patterns, given the geographical heterogeneity in climate change
impacts.

A subgroup of this literature also addresses how diversi�cation strategies �in a broad
sense� can help subsistence farmers in developing countries maintain revenues under ex-
treme weather. Although these studies do not directly examine land concentration or nat-
ural diversity at the scale of our analysis, they provide valuable insights into the resilience
bene�ts of diversi�cation. For instance, Valdivia, Dunn, and Jetté (1996), Di Falco and
Chavas (2009), Birthal and Hazrana (2019), and Seo (2010) investigate how crop diversi-
�cation serves as a protective mechanism for subsistence farmers facing climatic shocks.
While their primary focus is on indivudal revenue preservation, their �ndings indirectly
support the broader idea that increased biodiversity can enhance agricultural resilience.

These studies highlight the need for strategies that consider both the immediate and
long-term implications of climate change. To this literature, our paper provides evi-
dence on how diversi�cation strategies, both at the individual or collective level, could
become an e�ective coping mechanism to improve the resilience of agricultural productiv-
ity, resonating with �ndings from biology (Tamburini et al., 2020; Beillouin et al., 2021).
Additionally, our paper shows how closely intertwined diversity patterns are to property
rights, suggesting that diversi�cation policies could not only pose technical problems, but
also political ones.

2.2 Farm size and productivity

The relationship between farm size and productivity has long intrigued economists, be-
ginning with the observation that smaller farms often report higher yields per square
meter than larger ones within a given country. This inverse relationship, �rst noted by
Chayanov (1926) in Russia and later expanded upon by Sen (1962) in India, has been
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con�rmed across various settings throughout the last century in both developed and de-
veloping countries, challenging traditional economic models that assume constant returns
to scale in agriculture (Sen, 1962; Berry, Cline, et al., 1979). This phenomenon, known
as the Inverse Farm Size-Productivity (IFSP) relationship, has fueled debates about the
potential bene�ts of land redistribution, arguing that smaller farms could potentially lead
to higher productivity (Cornia, 1985).

Three leading conjectures have emerged as potential explanations for relation. The �rst
suggests that market imperfections �such as those in labor and insurance markets, along-
side moral hazard� might drive this pattern (Sen, 1962; Feder, 1985; Barrett, 1996). For
example, Sen (1962) argued that surplus labor in developing economies leads to family
labor being underpaid compared to market wages, meaning that smaller farms, which
rely more heavily on family labor, achieve higher yields. The second explanation con-
siders omitted variables, particularly land quality, which might inversely correlate with
farm size, as argued by Bhalla and Roy (1988) and Benjamin (1995). The third ex-
planation posits that measurement error, particularly in how farm size and output are
recorded, could be negatively correlated with farm size, thus producing the observed in-
verse relationship (Lamb, 2003). However the evidence doesn't fully support any of these
explanations. While these conjectures o�er plausible mechanisms, empirical studies of-
ten struggle to consistently validate them across di�erent contexts. The persistence of
the IFSP remains puzzling, suggesting that other, less explored factors might be at play
(Barrett, Bellemare, and Hou, 2010).

Recent research by Foster and Rosenzweig (2022) provides a more nuanced understanding,
highlighting that while larger farms tend to exhibit decreased land productivity, they
actually bene�t from signi�cantly increased labor productivity. This explains why large
farms make economic sense, as the IFSP primarily holds for land productivity rather
than total productivity. Their work highlights a U-shaped relationship, where small farms
initially show higher productivity due to ine�ciencies and market failures at larger scales.
However, as farms expand, the adoption of capital-intensive technologies dramatically
boosts labor productivity, eventually leading to overall higher productivity.

Our research, using granular and comprehensive data from a country with a mature and
large agricultural sector, also �nds evidence of the IFSP, in terms of land productivity,
which remains largely unexplained. One of our key contributions to this literature is to
bring new evidence on its mechanisms by adopting a new perspective. Instead of focusing
solely on individual productive units, we take a more comprehensive view, considering
what happens outside these farms as well. By adopting an ecosystem perspective, we
reveal how biodiversity, particularly the presence of semi-natural areas contributes to
increased land productivity.

Our results can be interpreted as an examination of the IFSP curve through a temperature
dimension. We observe a consistent di�erential in land productivity that becomes even
more pronounced in the presence of extreme temperatures. This suggests that the bene�ts
of biological diversity and the presence of seminatural contribute to the IFSP, playing a
critical role in normal times, and even more so under conditions of heat stress.
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3 A simple model of agricultural production

This section presents a simple supply model to illustrate how land concentration and
diversity a�ect the resilience of agricultural production to climate change. The model
takes into account economies of scale and costs as a function of biodiversity. It �rst shows
how farmers face rational incentives to specialise and consolidate land. We then add a
parameter that connects biodiversity and weather shocks. The simple model provides a
starting point for why higher land inequality is positively correlated to pro�ts in normal
times, but that there is a trade-o� with resilience to adverse climate shocks.

3.1 Setup

Consider an agricultural production function with land (L), capital (K ) and the acreage
of land allocated to biodiversity (D) as inputs with contraint L > D .

Y = AL � K � D  ; � = Y � C(Y) (1)

Farmers have equal access to technology, credit markets (both captured in A) and are
price takers. Ignoring climatic shocks, farmers maximise pro�ts (� ) by optimizing over
land, capital and plot biodiversity. Prices are normalized to one, and the cost function
C(Y) is composed of two parts: �xed costsF (L; K; D ) and variable costsc(L; K; D ) that
increase with output Y and exhibit economies of scale.

AC(Y) =
C(Y)

Y
=

F (L; K; D )
Y

+
c(L; K; D )

Y
(2)

Both �xed and variable costs are twice di�erentiable and increasing in all arguments. The
cost function exhibits strong economies of scale in land since initial �xed costs are high
and variable costs relatively low.

This implies the long-run optimal choices of inputs. The �rst order condition for pro�t
maximisation with respect to L and D is equivalent to cost minimization. The farmer's
problem is to minimize average costs which leads to equating marginal products of both
inputs to their marginal costs,

min
L;D

C(Y)
Y

�!
Y 0

L

Y 0
D

=
C0

L

C0
D

(3)

Because initial investment costs in land are high but have low variable costs,C0
L is rela-

tively �at. Clearly this allows farmers to push production higher to a point where marginal
product, Y 0

L is close to zero, creating a long-run incentive to increase plot size.
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3.2 Optimal biodiversity

For ease of exposition, we normalize captitalK = 1.2 The �rst order conditions with
respect toL and D are,

�AL (� � 1)D  �
@C(Y)

@L
= 0

 AL � D ( � 1) �
dC(Y)

dD
= 0

Combining, we can solve for the optimal level of biodiversity that farmers set for their
agricultural land,

D � =
 Y L

dC(Y )
dD � �Y

(4)

It is increasing in biodiversity's elasticity with production and declining in its marginal
cost. Where,

dC(Y)
dD

=
@C(Y)

@D
+

@C(Y)
@L

dL
dD

The marginal cost entails a direct cost related to increased crop diversity (�rst term on
the right), but also the opportunity cost of allocating a higher proportion of land to non
harvestable plant growth (second term).

The optimal level of biodiversity is determined by a trade-o� between its positive direct
e�ect on productivity and the cost of increasing crop diversity and foregoing revenue that
could be generated if all a plot's land was utilized for commercial production.

3.3 Extreme weather e�ects

We now introduce a scaling fucntion,h(T; D), to account for the e�ects of temperature
T on productivity:

Y = AL � D  h(T; D) ; � = Y � C(Y; D)

whereh(T; D) takes the following form:

h(T; D) = � � (T � T0) � (1 � D � )

in which T0 represents a threshold temperature above which plant growth is hampered
(e.g., 30� C). � > 0 is a parameter re�ecting the sensitivity of crops to temperature,
and � > 0 captures the moderating e�ects of biodiversity on temperature contribution to
production. This function is positive in T and largest at low increments of temperature

2Our empirical strategy allows for this assumption because we can control for yearly changing in all
unobserved inputs.
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increases until it crosses the threshold where it becomes negative. Its slope is negative
and determined by� . Higher � , implies a smaller positive e�ect of temperature increases
below the threshold, but also smaller adverse e�ects above the threshold.

Optimal D now can now be expressed as,

D � =
 Y h

dC(Y )
dD � @h

@D

(5)

While minimizing biodiversity will increase yields in normal times, it also increases the
vulnerability of their production to climate extremes.

In an environment whereT > T0 occurs more and more frequently the marginal bene�t
from crop diversity in mitigating these shocks increases. Farmers are now faced with a
more complex optimization problem: maximizing pro�ts while balancing the cost-saving
bene�ts of low diversity against its risk-reducing bene�ts.

4 Data, Tools, and De�nitions

This section describes the three major data sources used in our empirical analysis: satel-
lite imagery, agricultural cadastre records, and weather estimates. We also quickly review
methods used to construct concentration measures of both farmland and biological di-
versity, as well as the de�nition of temperature shocks used in our empirical assessment.
Figure 1 displays data samples, the following subsections elaborate on each source indi-
vidually.

4.1 Productivity data

Satellites can detect photosynthesis, the fundamental process of plant growth. Some plant
cells �usually leaf-cells� use the sun's energy to splitCO2 molecules around them in two
parts. They keep carbon (C), which is mixed with other matter to build their own mass;
and they release oxygen (O2) back into the air as a byproduct. Such process leaves an
invisible �uorescent signature track, which some satellites can measure. That is the case
of the Terra satellite, thanks to the MODIS remote sensing device, launched on board
of the satellite by NASA in 2000. It measures the gross primary productivity (GPP) of
plants, which is a generic measure of biomass production around the globe, gross of plant
respiration. Cloud-coverage adjusted measures of cumulative production are provided by
Running and Zhao (2019) at a quasi-weekly frequency. We use their estimates, which
come in a 500m x 500m grid, expressed as kilos of carbon per square meter. Figure 1a
showcases total cummulated production for a given year, with each pixel representing a
data point.

One of our �rst concerns is to determine how our productivity measure is relevant to
what the economics �eld understands as land productivity or yield. GPP is proportional
to yield but cannot be directly converted to economic yield. To do so, we would need
speci�c GPP-to-yield conversion factors for each crop. As an example, Table 1 displays
conversion factors between satellite estimates of GPP and actual agricultural yield of
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