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Introduction

Agriculture and climate change

Agriculture interacts with climate in two significant ways :

1 It accounts for nearly a quarter of global greenhouse gas emissions and

thus must contribute to mitigation efforts → Mitigation

2 Agriculture is heavily impacted by climate change, posing challenges to

food production and security → Adaptation

Mitigation : requires a coordinated international effort to reduce

greenhouse emissions

Adaptation : a local issue but the increasing globalization of

agricultural markets involves actors beyond the boundaries → Food

security of the farm.

A comprehensive understanding of the connection between global

warming and agricultural production is essential for policymakers to

anticipate issues related to food security.
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Introduction

Agriculture in COP Negotiations

Agriculture was not initially a focal point in COP negotiations until

COP21 in 2015.

The signing of the Paris Agreement during COP21 in 2015 introduced

food security as a crucial principle, bringing agriculture into the COP

agenda.

COP 23, held in Bonn in 2017, marked a pivotal moment in agricultural

negotiations under the UNFCCC.

⇒ Creation of The Koronivia Joint Work that aims to develop strategies
for assessing adaptation, co-benefits, and resilience in agriculture, crucial

for sustainable food production in a changing climate.
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Introduction

COP 23 : A Turning Point for Agriculture

The Koronivia Joint Work on Agriculture emerged as a key outcome,

offering a fresh perspective on addressing climate change impacts on

agriculture and global food security.

▶ Agriculture’s reliance on climate underscores the urgency of mitigating

climate change effects to safeguard natural resources vital for

agricultural sustainability.

▶ While temperature increases may occasionally benefit crop yields, the

overall impact of climate change on agriculture tends to be negative,

compounded by challenges in water availability and extreme weather

events.

⇒ Measuring the impacts of climate change in agriculture remains

problematic despite the growing literature on this topic (Huang and Sim,

2018).
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Introduction

Introduction

Early studies in natural science used crop simulation models to

evaluate climate change impacts on plant growth by modifying

biophysical processes like photosynthesis or photorespiration (Asseng

et al., 2015)

While these direct impacts on plant growth are expected to reduce

yields, farmers are anticipated to adapt their practices to new climatic

conditions.

Economic literature has extensively investigated farmers’ adaptation

(Mendelssohn and Dinar, 2009) :

1 crop simulation models (Ciscar et al., 2011) ;

2 Computable General Equilibrium (CGE) models (Nelson et al., 2014) ;

3 Ricardian approach : cross-sectional analyses of land values

(Mendelsohn et al., 1994) ;

4 Weather panel approach : analysis of net revenues across weather

(Deschênes and Greenstone, 2007) or yield (Lobell et al., 2011).

⇒ The last two approaches are the most frequently found in

econometric literature
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Basic concepts and definitions

Adaptation

"Adaptation to climate change in human systems is the process of
adjustment to actual or expected climate and its effects, in order to
moderate harm or exploit beneficial opportunities" (IPCC, 2014).

Assessing the potential impacts of climate change on agriculture

require considering how farmers would adapt to a new climate.

Not accounting for adaptation would overstate potential damages or

under appreciate potential opportunities.

Private farmer adaptation refer to adjustments of production choices

to maximize profit in response to changes in climate or weather

fluctuations, holding prices and technology fixed.

Potential adaptation strategies : changes in input use, tilling practices,

planting dates, crop mix,...
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Basic concepts and definitions

Weather and climate

Weather is a random variable representing the state of the atmosphere.

Example : the value of the average temperature in Paris today.

Climate refers to the moments of the probability distribution of that

random variable. Example : long-term average of temperature in May

in France (1993-2023)

Climatologists (and economists by extension) refer to “climatology” as

the 30-year average of a weather variable

“climate change” is the change in the long-term distribution of weather

conditions at a given location.
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Basic concepts and definitions

General econometric models of agricultural adaptation

Economic Theory :

▶ Farmers adapt their economic decisions to meteorological variations

(short-term adaptation) and climate change (long-term adaptation).

Econometric Model :

▶ Agricultural profitability = f(economic variables, climate/weather

variables, other variables) + error term

Possible Specifications :

▶ Agricultural profitability : Yield, Land prices, Profit/income

▶ Structural model or reduced form

▶ Panel data, cross-sectional, spatial autocorrelation

▶ Choice of climate/weather variables : GDD, KDD, growing

season/off-season, linear/non-linear impact

two main approaches

▶ Ricardian approach : long-run adjustments to climate change

▶ Weather-panel approaches : within-season short-run responses to

weather fluctuations
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Econometric models of adaptation of agriculture Ricardian approach

Ricardian approach

Mendelsohn et al. (1994) proposed to assess the impacts of climate

change on agriculture by regressing land prices on climate conditions

▶ Birth of the “Ricardian approach"
▶ Proposed as a response to the “production-function" approach

▶ Land prices reflect the discounted sum of future rents once all potential

adaptation strategies have been implemented (e.g changes in capital or

crop allocation)

→ internalize the productivity shocks in the long run

▶ Provides the long-term value of climate

▶ Appealing result of potentially beneficial impacts of climate change
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Econometric models of adaptation of agriculture Ricardian approach

Ricardian approach

The hedonic model supposes that farmers are revenue maximizing and

produce the exact supply required to satisfy demand, in conditions of

both perfect competition and long run equilibrium.

Consequently, the price of farmland is equal to the expected present

net value of the future stream of income derived from the land

VLE =

∫ ∞

0

pL(E)e−rtdt =

∫ ∞

0

[Pqiqi(xi, E) − Rxixi]e
−rtdt, (1)

Assuming that farmers choose the production technology and the

combination of inputs xi that maximize their net revenues, given the

characteristics of the farm and the market prices in equation (1), then

in equation (1) qi and xi are determined to maximize VLE for any given

combination of the exogenous variables.
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Econometric models of adaptation of agriculture Ricardian approach

Ricardian approach

The resulting profit maximizing outcome is a reduced form model,

which examines how VLE is affected by the set of exogenous variables :

climate variables C, and a vector of the soil quality variables S

VLE = f (C, S,Z ) (2)

where the functional form of f (.) is, a priori, unknown.

The standard linear Ricardian model is written as :

VLE = β0 + Ciβ1 + Siβ2 + Ziβ3 + ui, (3)

where u is the error term.

The functional form of the Ricardian model can be written in different

ways : the equation can be linear, semi-logarithmic or log-log.
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Econometric models of adaptation of agriculture Ricardian approach

Ricardian approach

Figure – Ricardian approach v.s. production-function approach (Source :
Mendelsohn et al., 1994)
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Econometric models of adaptation of agriculture Ricardian approach

Ricardian approach

The Ricardian analysis is a cross-sectional hedonic pricing analysis
exploiting differences in farmland prices and climates across

regions/individuals

▶ Farmland prices reflect specialization to the right “climate-adapted”

agricultural activity

▶ Spatial heterogeneity in climate provides nice opportunity to assess the

impact of future climate conditions (“space for time substitution")

Applied in + than 250 studies and 50 countries (Mendelsohn and

Massetti, 2017). Some consistent results across studies :

▶ Beneficial effects of hotter spring and autumn temperatures but harmful

effects of hotter summer and winter temperatures (Mendelsohn et al.,

1994; Van Passel et al., 2017)

▶ Climate change will be slightly beneficial for agriculture in US and

Europe (Mendelsohn and Massetti, 2017)
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Econometric models of adaptation of agriculture Ricardian approach

Ricardian approach : extensions and weaknesses

Extensions

▶ endogenous land and adjustment cost (Timmins, 2006)

▶ irrigation (Schlenker et al., 2005)

▶ Spatial error dependance (Schlenker et al., 2006),

▶ pooled and random-effect (Massetti and Mendelsohn, 2011; Fezzi and

Bateman, 2015)

▶ spatial panel (Vaitkeviciute et al., 2019)

Main weakness : omitted variable biases (Deschênes and
Greenstone, 2007)

▶ Unobserved characteristics that may be correlated with climate (e.g. soil

quality, altitude, slope, population density...) could bias the estimates

▶ Such controls are usually introduced in Ricardian analyses but often

result in measurement errors (e.g. due to spatial scale mismatch)

▶ For example, Ortiz-Bobea (2020) suggested that non-farm pressures lead

to biases in recent Ricardian estimates
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Econometric models of adaptation of agriculture The weather-panel approach

The weather-panel approach

The weather approach exploits year-to-year weather fluctuations to

estimate its impacts on year-to-year yields/revenues/profits deviations,

usually using reduced-form equation :

zit = β′wit + FEi + FEt + εzit

with zit ={yields ; revenues ; profits}, wit =weather during the growing

season (usually April-September) and β =vector of estimates

β is interpreted as the impacts of weather on farmers’ outcomes, once

farmers have undertaken adaptation

More robust and precise estimates than the Ricardian analysis

(Deschênes and Greenstone, 2007)
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Econometric models of adaptation of agriculture The weather-panel approach

The weather-panel approach

The weather approach assumes that there is adaptation but, actually,

there has been limited efforts to identify real adaptation strategies in

the literature

▶ Some studies on the adoption of specific practices (Di Falco and

Veronesi, 2013; Tambet and Stopnitzky, 2019)...

▶ ... but outside the weather approach framework (Sesmero et al., 2018)...

▶ ... or failing to statistically measure the induced impacts on crop yields

(Aragón et al., 2021; Cui and Xie, 2021; Jagnani et al., 2021), despite

accounting for explicit growing seasons adjustments (planting dates,

input adjustments)

Does β capture impacts of real adaptations?

Is β really different from what find studies using crop simulation

models ?

Raja Chakir (PSAE,INRAE) MATS Seminar 15 May 2024 21 / 99



Econometric models of adaptation of agriculture The weather-panel approach

The weather-panel approach

Deschênes and Greenstone (2007) proposed to introduce individual

fixed effects → regressing profit deviations (πit − π̄i) on weather
deviations (wit − w̄i) → referred to as the “panel approach" in the

literature

▶ Many debates to understand whether the two methods provide similar

information (e.g. Merel and Gammans, 2021)...

▶ ... but the current consensus is that the “panel approach" provides the

short-term value of climate, which is theoretically lower than the

long-term value of climate

▶ Relates both to the distinction of weather/climate (draw v.s. distribution)

and to the imposed implicit constraints (e.g. fixed crop allocation)
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Econometric models of adaptation of agriculture The weather-panel approach

The weather-panel approach

The weather approach assumes that there is adaptation but, actually,
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Veronesi, 2013; Tambet and Stopnitzky, 2019)...
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Two contributions to climate econometrics

2 contributions to the literature

Figure – Contribution to the Ricardian approach

Figure – Contribution to the weather-panel approach
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Two contributions to climate econometrics

Contributions 1

Figure – Contribution to the Ricardian approach
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Two contributions to climate econometrics Contribution to the Ricardian literature

Objective of the paper Bareille and Chakir (2023)

New method for the estimation of Ricardian models

Using plot-level repeat-sale data, we investigate how differences in

farmland prices across plots are explained by differences in climate

conditions between two sale dates.

Our “repeat-Ricardian" analysis consists in the introduction of a

plot fixed effect into a standard Ricardian analysis

Exploitation of spatial AND temporal heterogeneity in climate and

land prices

It combines the advantages of both methods :

▶ account for long-term adaptation thanks to the use of farmland prices

(as in standard Ricardian analysis)...

▶ ... while controlling for confounding omitted variables with individual

(plot) fixed effects (as in the panel approach)
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Two contributions to climate econometrics Contribution to the Ricardian literature

Empirical models - Pooled Ricardian models

A pooled Ricardian model can be written as :

log(P l
ijt ) = α + θ′Cjt + β′Ni + γ ′Nj + δ′Njt + ϵijt , (4)

P l
ijt : price of plot i in municipality j and year t

Cjt : vector of climate variables in j and t

Ni : vector of plot i’s time-invariant characteristics (plot size here)

Nj : vector of the time-invariant characteristics of the municipality j
where i is located (here, average altitude, slope and soil conditions)

Njt : vector of time-varying variables (here, population density) for j in t
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Two contributions to climate econometrics Contribution to the Ricardian literature

Empirical models - Pooled Ricardian models

A pooled Ricardian model can be written as :

log(P l
ijt ) = α + θ′Cjt + β′Ni + γ ′Nj + δ′Njt + ϵijt ,

Based on Massetti and Mendelsohn (2011), we estimate four different

pooled Ricardian models :

Model 1 : No control variables, no year dummies

Model 2 : Control variables, no year dummies

Model 3 : No control variables, with year dummies

Model 4 : Control variables, with year dummies
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Two contributions to climate econometrics Contribution to the Ricardian literature

Empirical models - Pooled Ricardian models

A pooled Ricardian model can be written as :

log(P l
ijt ) = α + θ′Cjt + β′Ni + γ ′Nj + δ′Njt + ϵijt ,

Problem : control variables Nj (altitude, slope and soil conditions) are

very heterogeneous within a municipality (Ay, 2021)

→ cor(Nj ,N0

i ) << 1

Problem of measurement errors

Omitted variable biases remain

Luckily, N0

i is constant over time
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Two contributions to climate econometrics Contribution to the Ricardian literature

Empirical models - Repeat-Ricardian models

A Ricardian model with plot fixed effects can be written as :

log(P l
ijt ) = α + θ′Cjt + β′Ni + γ ′Nj + δ′Njt + FEi + ζijt , (5)

where FEi are the plot fixed effects that capture all the time-invariant

unobserved factors of plot i.
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Two contributions to climate econometrics Contribution to the Ricardian literature

Empirical models - Repeat-Ricardian models

The repeat-Ricardian analysis consists of removing these

time-invariant factors by estimating :

log(P l
ijt ) − log(P̄ l

ij) = α− αθ′
(Cjt − ¯Cj) + β′

(Ni − ¯Ni)

+ γ′
(Nj − ¯Nj) + δ′

(Njt − ¯Nj) + (FEi − F̄E i) + ζijt
(6)

Or simply :

log(P l
ijt ) − log(P̄ l

ij) = θ′
(Cjt − ¯Cj) + δ′

(Njt − ¯Nj) + µijt (7)

Model 1 : No control variables, no year dummies

Model 2 : Control variables, no year dummies

Model 3 : No control variables, with year dummies

Model 4 : Control variables, with year dummies
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Two contributions to climate econometrics Contribution to the Ricardian literature

Farmland prices data 1/2

We use individual data on farmland transactions from the PERVAL

database

▶ Exhaustive information about all real estate transactions that have

occurred in France (except for the Ile de France region) since 1996
▶ Distinguishes between houses, flats, farmland and forests.

▶ Information on prices, characteristics of the properties, location at the

municipality level and transaction date

Different type of database from most Ricardian studies who use

aggregated information (county or departmental levels) from annual

land surveys (Mendelsohn et al., 1994; Ortiz-Bobea, 2020)

No aggregation bias (Fezzi and Bateman, 2015)

No “declarative" bias (Bigelow et al., 2020)
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Two contributions to climate econometrics Contribution to the Ricardian literature

Farmland prices data 2/2

660,755 farmland transactions over the 1996-2019 period

Repeat-Ricardian analysis : purchase of the sample of French plots

that have been sold exactly twice between 1996 and 2019 and that

maintained a similar area between the two sale dates

▶ 4,494 plots (i.e. 8,988 transactions or 1.36% of all French farmland plots

that were sold during our study period)

▶ After outlier removal, the final sample consists of 4,307 observations

(8,614 transactions)
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Two contributions to climate econometrics Contribution to the Ricardian literature

Climate data 1/2

We use the daily weather information since 1959 from the SAFRAN

database provided by Météo France to compute climate conditions

This database uses historical daily measurements for the 8,604 French

stations, which are spatialized by Météo France at the 8 × 8 km
2

SAFRAN grid squares (9,892 grid squares for the whole France).

The choice of climate variables is an important empirical challenge in

the Ricardian literature

▶ Long-term average temperatures and precipitation for the four seasons

(Mendelsohn and Massetti, 2017)

▶ Cumulative degree days over the growing season in addition to the

four-seasons (Ortiz-Bobea, 2020)

=⇒ four-seasons ricardian have been identified as being superior to

degree-days Ricardian models (Massetti et al., 2016) or two-seasons

Ricardian models (Vaitkeviciute et al., 2019).
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Two contributions to climate econometrics Contribution to the Ricardian literature

Climate data 2/2

In line with the literature, we estimate four-seasons ricardian model
We define climate by the set of seasonal climatologies on temperature

(°C/day) and precipitation (cm/month)

We compute the climatologies as 30-year averages of temperatures and

precipitation between t − 30 and t − 1

▶ Spring is defined as March-May (respectively June-August,

September-November and December-February for summer, autumn and

winter)

For example, climate in 1996 (resp. 2019) is measured as the averages of

annual weather conditions between 1966 and 1995 (resp. between 1989

and 2018).

The heterogeneity of the climate conditions for our initial and final

periods thus relies on 23 years, 1989-1995 being common to the two

periods.
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Two contributions to climate econometrics Contribution to the Ricardian literature

Aggregated summary statistics

Table – Summary statistics for the plots in the repeat-sale samples

(N=8,614)

Levels Mean S.D. Min Q1 Median Q3 Max

Farmland price (e/ha) 9,132.69 16,505.61 0.54 2,549.81 4,214.23 8,251.14 273,583.22

log(farmland price) (e/ha) 8.48 1.04 -0.62 7.84 8.34 9.02 12.52

Year of transaction 2008 6.73 1996 2003 2008 2014 2019

Farmland area (ha) 2.99 4.79 0.01 0.50 1.29 3.27 105.17

Spring temperature (°C/day) 10.05 1.62 -0.78 9.20 9.83 10.87 14.48

Summer temperature (°C/day) 18.03 2.27 0.07 16.69 17.89 19.24 23.57

Autumn temperature (°C/day) 11.44 1.69 0.04 10.52 11.26 12.34 16.40

Winter temperature (°C/day) 4.50 1.67 -4.96 3.43 4.46 5.78 9.02

Spring precipitation (cm/month) 6.64 1.46 0.04 5.74 6.40 7.16 14.40

Summer precipitation (cm/month) 5.86 1.70 0.04 4.96 5.83 6.63 16.40

Autumn precipitation (cm/month) 8.13 1.82 0.04 6.84 7.86 9.21 22.77

Winter precipitation (cm/month) 7.13 1.92 0.03 5.83 6.88 8.22 17.51

Municipal population density (inhabitants/km
2
) 103.53 210.11 0.83 25.63 48.79 102.48 4767.22

Altitude (m) 190.76 212.50 1.00 69.27 135.42 225.52 2,217.23

Slope (%) 2.61 3.68 0.00 0.88 2.61 2.79 39.23

Soil (category 1) 0.12 0.25 0.00 0.00 0.00 0.05 1.00

Soil (category 2) 0.43 0.40 0.00 0.00 0.33 0.86 1.00

Soil (category 3) 0.35 0.40 0.00 0.00 0.10 0.75 1.00

Soil (category 4) 0.10 0.25 0.00 0.00 0.00 0.00 1.00
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Two contributions to climate econometrics Contribution to the Ricardian literature

Aggregated summary statistics

Table – Summary statistics for the plots in the repeat-sale samples,

expressed in differences between the two sale dates (N=8,614)

Differences between t2 and t1 Mean S.D. Min Q1 Median Q3 Max

Farmland price (e/ha) 2,621.18 9,936.48 -103,389.66 -82.37 721.55 2,598.78 154,876.42

log(farmland price) (e/ha) 0.27 0.62 -9.18 -0.02 0.18 0.51 4.10

Spring temperature (°C/day) 0.31 0.27 -0.06 0.08 0.23 0.46 1.47

Summer temperature (°C/day) 0.25 0.23 -0.13 0.07 0.18 0.36 1.41

Autumn temperature (°C/day) 0.17 0.19 -0.52 0.03 0.11 0.27 1.02

Winter temperature (°C/day) 0.10 0.18 -0.92 -0.02 0.06 0.19 1.25

Spring precipitation (cm/month) -0.04 0.26 -1.45 -0.18 -0.03 0.11 1.11

Summer precipitation (cm/month) 0.12 0.27 -1.25 -0.04 0.08 0.25 1.33

Autumn precipitation (cm/month) 0.09 0.32 -1.08 -0.11 0.05 0.24 2.31

Winter precipitation (cm/month) 0.01 0.36 -2.56 -0.15 0.01 0.17 1.77

Municipal population density (inhabitants/km
2
) 4.77 15.96 -139.51 -0.03 1.29 5.53 409.01
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Two contributions to climate econometrics Contribution to the Ricardian literature

Heterogeneous changes in climate across France

The standard Ricardian analysis uses differences over space of climatologies in
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Figure – Seasonal temperatures for the 1966-1995 period in France in (a)

Spring, (b) Summer, (c) Autumn and (d) Winter.
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Two contributions to climate econometrics Contribution to the Ricardian literature

Heterogeneous changes in climate across France

The repeat-Ricardian analysis exploits differences over space of changes
in climatologies

Table – Climate change across French municipalities between 1996 and

2019 (N=36,486)

Mean S.D. Min Max Mean S.D. Min Max

Temperature (°C/day) Precipitation (cm/month)

Spring 1996 9.18 1.62 -3.40 13.6 Spring 1996 6.95 1.69 0.01 16.8

Spring 2019 10.24 1.67 -2.50 14.40 Spring 2019 6.82 1.71 0.01 15.50

Spring change 1996-2019 1.06 0.23 0.00 2.16 Spring change 1996-2019 -0.13 0.32 -1.70 1.27

Summer 1996 17.39 2.00 0.01 22.70 Summer 1996 6.32 1.78 0.01 15.90

Summer 2019 18.34 2.11 0.01 23.80 Summer 2019 6.53 1.77 0.01 16.30

Summer change 1996-2019 0.95 0.26 0.00 2.40 Summer change 1996-2019 0.21 0.38 -1.60 1.73

Autumn 1996 10.73 1.70 0.01 16.50 Autumn 1996 7.87 2.10 0.01 24.10

Autumn 2019 11.16 1.74 0.01 17.10 Autumn 2019 8.17 2.36 0.01 29.80

Autumn change 1996-2019 0.43 0.30 -0.96 1.41 Autumn change 1996-2019 0.31 0.57 -1.00 5.74

Winter 1996 3.67 1.82 -6.8 9.39 Winter 1996 7.01 2.03 0.01 17.90

Winter 2019 4.09 1.76 -6.6 9.78 Winter 2019 7.04 1.97 0.01 19.50

Winter change 1996-2019 0.42 0.30 -1.10 1.58 Winter change 1996-2019 0.03 0.66 -3.10 2.11
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Heterogeneous changes in climate across France
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Figure – Changes in seasonal temperatures from 1996 (1966-1995

averages) to 2019 (1989-2018 averages) in (a) Spring, (b) Summer, (c)

Autumn and (d) Winter.
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Heterogeneous changes in climate across France

−3

−2

−1

0

1

2

3

4

5

6

−3

−2

−1

0

1

2

3

4

5

6

−3

−2

−1

0

1

2

3

4

5

6

−3

−2

−1

0

1

2

3

4

5

6

Figure – Changes in seasonal precipitation from 1996 (1966-1995

averages) to 2019 (1989-2018 averages) in (a) Spring, (b) Summer, (c)

Autumn and (d) Winter.
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Heterogeneous changes in farmland prices across France

Representative of the general population (no evidence of selection bias)

Table – Summary statistics on transactions for the repeat-sales sample

and the general population

Repeat-sales (N=8,614) All sales (N=660,755)

Mean S.D. Median Mean S.D. Median t-value

Area (ha) 2.99 4.79 1.29 3.23 7.36 1.02 3.02 ***

Price (e) 14,130 23,007 6,238 14,025 50,760 5,000 0.59

Price (e/ha) 9,133 16,506 4,214 10,434 16,366 3,278 0.74

Annual price variation (%/year) 15.76 39.53 4.74 - - - -

Years between two sales 6.58 5.43 5.00 - - - -

Prices are expressed in 1996 real prices. Annual price variation represents the farmland
price variation
between the two sale dates. *, ** and *** indicate p-values lower than 0.1, 0.05 and 0.01
respectively.
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Heterogeneous changes in farmland prices across France

Representative of the general population (no evidence of selection bias)
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Figure – Distribution of the observed transactions in (a) the repeat sales

sample and (b) the general population.
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Heterogeneous changes in farmland prices across France

The standard (pooled) Ricardian analysis exploits spatial differences in

farmland prices (in levels)
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Figure – Farmland prices in the repeat-sales sample.
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Heterogeneous changes in climate and price across France

The repeat-Ricardian analysis exploits spatial differences of changes in farmland

prices

−0.6

−0.4

−0.2

0.0

0.2

0.4

0.6

Figure – Annual price variation between the two sale dates in the

repeat-sales sample.
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Estimation Results

Dependent variable : log(price)

Pooled Ricardian Repeat-Ricardian

Model 1 Model 2 Model 3 Model 4 Model 1 Model 2 Model 3 Model 4

Temperature (C/day)
Spring 0.28 *** 0.26 *** 0.08 -0.22 * 0.36 *** 0.36 *** 0.34 ** 0.35 **

(0.07) (0.08) (0.09) (0.13) (0.13) (0.13) (0.14) (0.14)

Summer -0.19 *** -0.17 ** -0.09 0.08 0.26 * 0.26 ** 0.25 * 0.25 *

(0.06) (0.06) (0.08) (0.10) (0.14) (0.13) (0.15) (0.15)

Autumn 0.26 ** 0.25 ** 0.28 ** 0.21 * 0.15 * 0.15 * 0.12 0.13

(0.10) (0.09) (0.14) (0.13) (0.09) (0.09) (0.09) (0.09)

Winter -0.27 *** -0.26 *** -0.20* -0.10 -0.22 *** -0.23 *** -0.19 ** -0.20 **

(0.09) (0.09) (0.11) (0.12) (0.08) (0.08) (0.08) (0.09)

Precipitations (cm/month)
Spring -0.18 *** -0.18 *** -0.17 *** -0.11 *** 0.00 0.00 -0.02 -0.02

(0.03) (0.03) (0.04) (0.04) (0.04) (0.04) (0.05) (0.04)

Summer 0.01 0.01 0.01 0.00 0.10 ** 0.10 * 0.11 * 0.10 *

(0.03) (0.03) (0.04) (0.04) (0.05) (0.05) (0.06) (0.05)

Autumn 0.14 *** 0.10 *** 0.11 *** 0.08 *** 0.03 0.04 0.03 0.03

(0.02) (0.02) (0.02) (0.02) (0.04) (0.04) (0.04) (0.04)

Winter -0.09 *** -0.06 ** -0.09 *** -0.08 *** 0.07 * 0.07 * 0.06 0.06

(0.02) (0.02) (0.02) (0.02) (0.04) (0.04) (0.04) (0.04)

Number of observations 8,614 8,614 8,614 8,614 8,614 8,614 8,614 8,614

Time invariant plot controls Yes Yes

Time invariant municipal controls Yes Yes

Time variant municipal controls Yes Yes Yes Yes

Annual dummies Yes Yes Yes Yes

Plot fixed effects Yes Yes Yes Yes

Adjusted R2 0.09 0.14 0.10 0.16 0.14 0.14 0.14 0.14

Climatologies are computed using 30-year averages. Plot controls solely include plot size. Time invariant municipal controls include av-
erage altitude and soil conditions. Time variant municipal controls solely include population density. Standard errors are indicated within
brackets and account for spatial correlation of disturbances. *, ** and *** indicate a p-value lower than 0.1, 0.05 and 0.01 respectively.
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Estimation Results - Implications

Evidences that omitted variable bias is important in standard Ricardian

analysis

▶ Instability of pooled estimates to the introduction of controls and

dummies

▶ Several estimates are statistically different between the pooled and

repeat-Ricardian analyses

Particularly true for summer temperatures. Looking at Models 1, an

additional 1°C/day in summer affect land prices such that :

▶ Pooled Ricardian estimates : reduction from -834 to -2,636e/ha
▶ Repeat-Ricardian estimates : increase of between 271 and 4,477e/ha
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Estimation Results - Implications 2/2

Farmers benefit from warmer summer temperatures in the long term. Why?

▶ Switch towards high-value crops that benefit from warm summers, such

as fruit productions (vineyards or orchards) in France

▶ Consistent with the potential role of plot fixed effects :

⋆ Orchards and vineyards need particular topological and soil conditions

(e.g. arid hillside), which may be correlated to climate conditions

⋆ Plot fixed effects free the estimates from these confounding characteristics
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Estimation Results - Robustness analyses

The functional form could be mispecified Table

▶ Mendelsohn et al. (1994) used linear Ricardian models

▶ Schlenker et al. (2005) showed that log-linear models better fit farmland

values

▶ Massetti and Mendelsohn (2011) showed that log-quadratic Ricardian

models are particularly suited when climate varies a lot between

locations

Length-definition of climate Table

▶ The repeat-sales occurred within less than 23 years

▶ The climatologies measured on 30-year averages use weather conditions

from similar years for the two sale years (at least 30-23=7 common years)

▶ As in Schlenker et al. (2006), Burke and Emerick (2016) or Hsiang (2016),

we provide robustness checks using shorter length-definitions of climate

Distinction of observations based on the length between two sale dates

Table

▶ 1 and 5 years (53.06% of the whole sample)

▶ 6 and 10 years (23.80% of the whole sample)

▶ 11 and 23 years (23.14% of the whole sample)
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Estimation Results - Heterogeneity analyses

The role of irrigation (Schlenker et al., 2005) Table

▶ Distinction of irrigated and rainfed farmlands based on the 2010

Agricultural Census

▶ Irrigated farmland if more than 20% of the departmental UAA is

irrigated (978 transactions in total)

▶ All other transactions (7,636) are considered to be part of the rainfed

sample

The role of initial climates Table

▶ Distinction between Continental, Mediterranean, Mountain and

Oceanic climates Figure
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Simulations of Climate Change Impacts
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Figure – Climate change impacts on farmland prices in 2070-2099 (in %

of farmland prices from 1996-2019). Dots represent point estimates and
whiskers show the 95% confidence interval. The dashed lines correspond to
pooled Ricardian models. The solid lines indicate repeat-Ricardian models.
All estimates come from Ricardian models with control variables and annual
dummies (Model 4). Figure
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Simulations of Climate Change Impacts

Table – Climate change impacts on farmland prices under various

scenarios and time horizons using pooled Ricardian and Repeat-Ricardian

estimates.

2070-2099 Mean S.D. Min Q1 Median Q3 Max 1 -

ˆImpacts
Pooled

ˆImpacts
Repeat

RCP2.6
Pooled Ricardian 0.24 0.15 -0.85 0.19 0.27 0.33 0.70 -

Repeat-Ricardian 0.54 0.25 -0.14 0.36 0.54 0.73 1.80 0.56

RCP4.5
Pooled Ricardian 0.06 0.14 -0.90 -0.01 0.06 0.13 0.51 -

Repeat-Ricardian 1.10 0.33 0.01 0.87 1.10 1.34 2.63 0.95

RCP8.5
Pooled Ricardian 0.28 0.16 -1.33 0.22 0.30 0.36 0.82 -

Repeat-Ricardian 1.93 0.42 0.01 1.69 1.96 2.21 3.62 0.85

Assuming constant French UAA, pooled Ricardian analysis underestimates
by between 72 and 374 billion euros the benefits of climate change

But repeat-Ricardian estimates are more likely to be correct for small

deviations compared to historical climates (probably correct for RCP2.6... but

less for RCP8.5)
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Conclusion 1

New methodology to correct for omitted variable bias in the Ricardian

analysis : the repeat-Ricardian analysis
▶ Combine the advantages of the Ricardian analysis (Mendelsohn et al.,

1994) with the techniques of panel econometrics (Deschênes and

Greenstone, 2007)

Different results between pooled and repeat-Ricardian analyses :

▶ Pooled Ricardian estimates indicate similar results to those usually

found in the Ricardian literature (e.g. negative impacts of summer

temperatures)

▶ Repeat-Ricardian estimates indicate positive impacts of summer

temperatures

▶ Instability of the pooled Ricardian estimates underline omitted variable

biases

▶ Repeat-Ricardian estimates are stable and robust to several empirical

choices

Simulations suggest that the omitted variables lead to an underestimation of

the impacts of climate change on agriculture by between 56% and 95%.
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Contribution 2

Figure – Contribution to the weather-panel approach
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Main Objectives of the paper Bareille and Chakir (2024)

Our main objective is to properly model and estimate the consequences of

farmers’ adaptation on crop yields

We propose a structural model derived from a profit-maximizing farmer

program that allows us to simultaneously and separately measure :

(i) the direct impacts of weather change on crop yields, independently of

farmers’ adaptation (referred to as agronomic impacts),
(ii) the farmers’ response to weather change through modifications in

practices (what the literature usually calls adaptation), and
(iii) the consequences of these adaptations on crop yields (called adaptation

impacts).

We build our identification strategy on the standards of the

yield-weather-panel approach, exploiting farm-specific weather deviations

from farm averages to explain our dependent variables (Blanc and Schlenker,

2017).
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Main Objectives

We check whether the usual reduced-form models give similar results to our

structural model (grounded on microeconomic theory).

We verify whether the usual reduced-form estimates from the

yield-weather-panel literature do really account for the “indirect” weather

impacts resulting from farmers’ adaptation – that have been only assumed so

far – on top of the “direct” weather impacts on plant growth (that have been

documented by agronomic studies).

We verify whether the yield-weather-panel literature is really more

appropriate than former crop simulation models at measuring weather

impacts on crop yields.
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Main Objectives

We investigate how farmers adjust pesticide and fertilizer applications to

weather conditions during the growing season.

Indeed, given that crop allocation can be considered as fixed during the

growing season, fertilizer and pesticide applications remain the only possible

adaptation strategy for farmers at that time (at least in rain fed regions).

There are several reasons for presuming that farmers adjust their input

applications to weather changes within the growing season.

▶ The agronomic literature indicates that higher temperatures and

precipitation increase pest pressure (Rosenzweig et al., 2001; Bailey,

2004), possibly leading farmers to use more pesticides in these

conditions.

▶ Weather changes can also influence input applications by affecting

input productivity (Xia and Wan, 2008; Kaminski et al., 2013).
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Main Objectives

Our structural model proposes a channel linking weather changes to

(i) changes in fertilizer and pesticide productivity, which translates into

(ii) changes in fertilizer and pesticide applications, ultimately allowing us to

identify

(iii) changes in crop yields (i.e. the adaptation impacts).

The identification of these within-season adaptation impacts on top of the

measure of the total impacts allows us to measure, by difference, the

agronomic impacts.
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Farmers’ program during the growing season

Consider a risk-neutral farmer i growing J crops whose objective is to
maximize their profit in year t according to the set of weather conditions
during the growing season (noted wi,t ) and to the set of input and output

prices
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Disentangling Marginal Weather Impacts

To explicitly represent the effects of farmers’ adaptation on crop yields, we

examine here how farmers respond to marginal weather changes and how

these changes translate into crop yields.

Assuming no effects on input and output prices, we can disaggregate a

marginal change in the z th element of wi,t (noted w(z)

i,t , e.g. the average

temperature during the growing season) on πi,j,t as follows :
width=totalheight=keepaspectratio

dπi,j,t
dw(z)

i,t

= E(pyi,j,t )
∂fj(x∗

i,j,t (wi,t );wi,t )

∂w(z)

i,t︸ ︷︷ ︸
Total impact on yields

−px
i,t

′ ∂x
∗
i,j,t (wi,t )

∂w(z)

i,t︸ ︷︷ ︸
Input adjustments

. (8)

Relation (8) states that a marginal weather change affects the crop-specific

profit through both an effect on yields and an effect on input applications.

The effect on input applications comes from the fact that farmers re-optimize

input applications under new weather conditions.
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Disentangling Marginal Weather Impacts

These input adjustments affect crop yields through fj(xi,j,t ;wi,t ) and,

importantly, add to the initial shock of the marginal weather change on plant

growth, together forming the “total weather impact”.

The yield-weather-panel literature typically measures this total impact when

regressing crop yields on weather conditions, without distinguishing the two

effects.

We can, however, theoretically distinguish them by disaggregating the total

weather impact as :

∂fj(x∗
i,j,t (wi,t );wi,t )

∂w(z)

i,t︸ ︷︷ ︸
Total impact

=

∂fj(x̄∗
i,j,t (w̄i);wi,t )

∂w(z)

i,t︸ ︷︷ ︸
Agronomic impact

+

∂x∗
i,j,t (wi,t )

∂w(z)

i,t

′ ∂fj(x∗
i,j,t (wi,t );wi,t )

∂xi,j,t︸ ︷︷ ︸
Adaptation impact

,

(9)

where x̄∗
i,j,t is the vector of input applications that maximizes program (??)

under average weather conditions w̄i given the expected prices in the second

stage. Relation (9) describes how the total impact of a marginal weather

change on crop yields can be disaggregated into the agronomic and adaptation
impacts.
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Conceptual framework
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Figure – Decomposition of the weather effects on crop yields.
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Structural modeling

We assume quadratic relationships between crop yields and fertilizers (k = 1)

and pesticides (k = 2), represented by :

yi,j,t = αj(wi,t ) − 1

2

2∑
k=1

2∑
l=1

γ−1

j,k,l(wi,t )[βj,k (wi,t ) − xi,j,k,t][βj,l(wi,t ) − xi,j,l,t], (10)

where αj(wi,t ), βj,k (wi,t ), and γj,k,l(wi,t ) are sets of crop-specific parameters.

This specification, proposed by Femenia and Letort (2016), allows explicit

representation of technical changes in the production function. We define the

symmetric 2 × 2 matrix Γj(wi,t ) ≡ [γ−1

j,k,l(wi,t )] to arrange technical shifters.

The parameters αj(wi,t ) and βj,k (wi,t ) have agronomic interpretations, while

the productivity of inputs depends on various factors including input

requirements and technical shifters.
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Structural model.

The formulation of our structural model explicitly represents the set of

optimal decisions of farmers under the particular technology and weather

conditions, and the consequences of these decisions on crop yields.

The optimal demand function for input k on crop j :

x∗
i,j,k,t = βj,k (wi,t ) −

pxk,tγ
−1

j,k (wi,t ) + pxl,tγ
−1

j,1,2(wi,t )

E(pyi,j,t )(γ
−1

j,1,1(wi,t )γ
−1

j,2,2
(wi,t ) − γ−2

j,1,2(wi,t ))
, (11)

with k ̸= l. Relation (11) indicates that weather affects the optimal

applications of input k through the sets of parameters βj,k (wi,t ) and

γ−1

j,k,l(wi,t ).
1
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Structural model.

We can then obtain the consequences of these optimal input applications by

reinserting them into relation (10). This leads to the optimal yield for crop j :

y∗
i,j,t = αj(wi,t ) − 1

2

(px
1,t )

2γ−1

j,1,1(wi,t ) + (px
2,t )

2γ−1

j,2,2(wi,t ) + 2px
1,tp

x
2,tγ

−1

j,1,2(wi,t )

(E(pyi,j,t ))2(γ
−1

j,1,1(wi,t )γ
−1

j,2,2(wi,t ) − γ−2

j,1,2(wi,t ))
. (12)

Relation (12) indicates that weather affects the optimal yields only through

the parameters αj,k (wi,t ) and γ
−1

j,k,l(wi,t ), but not through βj,k (wi,t ).
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Structural model.

Overall, our structural model consists of one yield equation (relation (12)) and

two input demand equations (relation (11) for fertilizers and pesticides) for

each crop j ∈ J.

The parameters γ−1

j,k,l(wi,t ) are thus shared between the yield and input

demand functions of the structural model (Pope and Just, 2003).
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Econometric Strategy : reduced form

Our econometric strategy consists of comparing the estimated weather

impacts on crop yields using reduced-form and structural models for wheat

(j = 1), barley (j = 2) and rapeseed (j = 3).

As a benchmark, we estimate the relationship between crop yields and

weather conditions during the growing season using a reduced-form model in

the spirit of the yield-weather-panel literature.

We specify for each crop a quadratic relationship with both average

temperature and total precipitation during the growing season, conditionally

on farm fixed effects :

yi,j,t = ψT
j Ti,t + ψT 2

j T 2

i,t + ψP
j Pi,t + ψP2

j P2

i,t + ϑ
y
i,j + ε

y
i,j,t , (13)

with ϑ
y
i,j the farm fixed effect, ψj(wi,t ) the set of parameters of interest and

ε
y
i,j,t the remaining error terms that are assumed to have white noise

characteristics. The farm fixed effects capture the heterogeneous

farm-specific time-invariant drivers of crop yields such as soil quality. The

effects captured by ψj(wi,t ) are the total impacts of weather conditions

during the growing season on crop yields. We estimate relation (13) using

ordinary least squares (OLS).
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Econometric Strategy : Structural estimation.

We estimate the structural model consisting of relations (11) and (12) for each

crop. Specifically, we estimate for crop j the following system :
yi,j,t = αj(wi,t ) − δj,1,1(wi,t )

(px
1,t )

2

2(E(pyi,j,t ))
2

− δj,2,2(wi,t )
(px

2,t )
2

2(E(pyi,j,t ))
2

− δj,1,2(wi,t )
px
1,tp

x
2,t

(E(pyi,j,t ))
2

+ ω
y
i,j + µ

y
i,j,t ,

xi,j,1,t = βj,1(wi,t ) − δj,1,1(wi,t )
px
1,t

E(pyi,j,t )
− δj,1,2(wi,t )

px
2,t

E(pyi,j,t )
+ ωx

i,j,1 + µx
i,j,1,t ,

xi,j,2,t = βj,2(wi,t ) − δj,2,2(wi,t )
px
2,t

E(pyi,j,t )
− δj,1,2(wi,t )

px
1,t

E(pyi,j,t )
+ ωx

i,j,2 + µx
i,j,2,t ,

(14)

with ω
y
i,j and ω

x
i,j,k the farm fixed effects, µx

i,j,k,t and µ
y
i,j,t the remaining error

terms with white noise properties and δj,k,l(wi,t ) =

γ−1

j,k,l (wi,t )

γ−1

j,1,1(wi,t )γ
−1

j,2,2(wi,t )−γ−2

j,1,2(wi,t )

∀{k; l} ∈ {1; 2}2.

Given the potential correlation between the error terms of the system

equations in relation (14), we estimate the structural models using estimators

from seemingly unrelated equations (SUR).
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Data

Our primary data is an unbalanced panel of farms located in the French

department ofMeuse observed between 2006 and 2012. The panel is composed

of 296 crop farms remaining in the database for an average of 3.73 years,

constituting 1,104 farm×year observations in total.

Meuse is a rainfed agricultural department (NUTS3 region) located in north

east France and specialized in crop production.

The agriculture in Meuse is representative of the agriculture in north east

France (and the Paris Basin in general), which is mainly orientated towards

cereals and industrial crops and where farmers use intensive cropping

practices. Together, the farms of our sample occupy 31.09% of the whole

useful agricultural area of Meuse.

All the farms in our sample grow wheat, barley and rapeseed, which together

occupy an average of 79.17% of farmers’ arable area.

The database originates from the Meuse Management Center local

accounting agency (Centre de Gestion de la Meuse).

One of the main interests of using this farm-level dataset is that we can

access detailed accounting information per crop. On top of information on

crop yields and prices, this database provides crop-specific information on the

net expenditures for each input.

Given the accounting nature of the database, these net expenditures

correspond to the value of the inputs used in a given calendar year on each

crop, thus including changes in input inventories. Such information on input

uses per crop is necessary for the estimation of our structural model as

variations in input applications constitute two thirds of the observations used

in the estimation procedure.

The Meuse database is one of the few that provides such crop-level

disaggregation for fertilizer and pesticide applications.

This explains why the Meuse database has been used by many studies on

French agriculture (e.g. Boussemart et al., 2011; Carpentier and Letort, 2012;

Femenia and Letort, 2016; Koutchadé et al., 2018; Chakir and Thomas, 2022).
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Weather variables.

We use historical daily weather information for the whole period from Météo
France.

Before computing our weather variables, we first reconstruct the distribution

of temperature within each day using a sine interpolation between minimal

and maximal daily temperatures, à la Schlenker and Roberts (2009).

We then compute the average temperature during the growing season as the

average of the reconstructed temperature distribution between February 1
st

and July 31
th
.

This method provides better approximation of the average temperatures over

the growing season than alternative methods relying on daily or monthly

temperature averages only.

One can interpret our measure of average temperatures as the accumulated

temperatures (i.e. sum of beneficial and killing degree days) divided by the

number of days during the growing season.

We compute the total precipitation during the growing season as the sum of

observed precipitation between February 1
st
and July 31

th
.
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Summary Statistics.

We use an accounting agency database provided by the Centre de Gestion de
la Meuse and observed weather from Météo France to build an unbalanced

panel of 296 farms (3.96 years on average) from 2006 to 2012 (N*T=1104).

Mean S.D. Min Max

Average temperature (C) 12.65 0.64 11.17 14.18

Total precipitation (mm) 408.81 109.72 198.10 591.27

Wheat yield (100kg/ha) 70.88 10.49 31.49 106.96

Barley yield (100kg/ha) 64.30 11.10 20.00 90.76

Rapeseed yield (100kg/ha) 33.59 6.60 7.96 50.26

Wheat price (e/100kg) 16.49 3.49 3.82 28.32

Barley price (e/100kg) 14.63 3.61 6.55 30.82

Rapeseed price (e/100kg) 35.05 6.32 11.93 63.81

Fertilizer applications for wheat (constant e/ha) 123.04 28.14 3.79 210.16

Fertilizer applications for barley (constant e/ha) 106.85 25.00 3.15 211.05

Fertilizer applications for rapeseed (constant e/ha) 122.30 29.81 3.55 247.84

Pesticide applications for wheat (constant e/ha) 160.10 44.25 8.45 377.63

Pesticide applications for barley (constant e/ha) 152.51 45.69 34.13 392.07

Pesticide applications for rapeseed (constant e/ha) 220.88 52.25 63.24 423.47

Fertilizer price (index) 1.17 0.21 0.91 1.51

Pesticide price (index) 0.98 0.03 0.94 1.01
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Estimation Results

Table – Reduced-form and structural estimates of weather elasticities on

crop yields.

Reduced-form Structural

Wheat Barley Rapeseed Wheat Barley Rapeseed

Temperature 0.57 *** -0.67 *** 1.00 *** 0.53 *** -0.63 *** 1.02 ***

(0.09) (0.11) (0.12) (0.09) (0.11) (0.12)

Precipitation 0.03 *** 0.03 ** 0.00 0.03 ** 0.02 -0.00

(0.01) (0.01) (0.02) (0.01) (0.01) (0.02)

Note. Elasticites are computed at sample mean values. Below each estimate we report in brackets

the standard errors obtained with the delta method. *, **, *** indicate p-values lower than 0.1, 0.05

and 0.01 respectively.
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Table –Weather elasticities on input applications.

Temperature Precipitation

Wheat Barley Rapeseed Wheat Barley Rapeseed

Fertilizers 1.02 *** 1.34 *** 0.61 *** 0.10 ** 0.02 0.20 ***

(0.19) (0.23) (0.24) (0.04) (0.04) (0.04)

Pesticides -0.39 ** 0.30 -0.19 0.11 ** 0.09 ** -0.24 ***

(0.20) (0.27) (0.20) (0.04) (0.04) (0.03)

Note. Elasticites are computed at sample mean values. Below each estimate we report in

brackets the standard errors obtained with the delta method. *, **, *** indicate p-values

lower than 0.1, 0.05 and 0.01 respectively.
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Table – Weather elasticities on crop yields : total, agronomic and

adaptation effects.

Temperature Precipitation

Wheat Barley Rapeseed Wheat Barley Rapeseed

Total 0.53 *** -0.63 *** 1.02 *** 0.03 ** 0.02 -0.00

(0.09) (0.11) (0.12) (0.01) (0.01) (0.02)

Agronomic effects 0.22 ** -0.84 *** 0.89 *** -0.01 0.02 -0.02

(0.09) (0.11) (0.12) (0.01) (0.01) (0.02)

Adaptation effects 0.31 *** 0.21 *** 0.12 *** 0.04 *** 0.00 0.02 **

(0.02) (0.03) (0.02) (0.01) (0.00) (0.01)

1% increase in temperature during the growing season increases wheat yields

by 0.53% : the total effects is due to the cumulative effects of a beneficial

agronomic effect of 0.22% and a beneficial adaptation effect of 0.31%.

2/3 of the positive effect of temperature on wheat yields thus comes from the

farmers’ response to higher temperatures

⇒ Farmers substantially increase fertilizer applications in response to higher

temperatures, for only a small reduction in pesticides
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Projections of the impacts of warmer temperatures

Wheat Barley Rapeseed

+1C +2C +3C +1C +2C +3C +1C +2C +3C

A. 2006-2012 Averages

Initial yields (100 kg/ha) 70.88 70.88 70.88 64.30 64.30 64.30 33.59 33.59 33.59

B. Reduced-form Estimates

Changes in yields (100 kg/ha) -1.61 *** -12.84 *** -33.68 *** -8.63 *** -27.70 *** -57.19 *** -0.48 -7.23 *** -20.27 ***

(0.59) (2.01) (4.50) (0.62) (2.13) (4.77) (0.37) (1.25) (2.79)

C. Structural Estimates

Changes in yields (100 kg/ha) -1.18 * -10.66 *** -28.42 *** -8.36 *** -27.03 *** -55.99 *** -0.36 -6.83 *** -19.41 ***

(0.63) (2.11) (4.69) (0.68) (2.25) (4.96) (0.38) (1.29) (2.86)

Agronomic effects -3.72 *** -22.31 *** -55.30 *** -11.16 *** -37.65 *** -79.54 *** -0.44 -8.95 *** -25.52 ***

(1.02) (3.54) (7.77) (1.23) (3.99) (8.56) (0.77) (2.44) (5.14)

Adaptation effects 2.53 *** 11.66 *** 26.88 *** 2.80 *** 10.63 ** 23.55 *** 0.08 2.13 6.11

(0.73) (3.73) (8.67) (0.62) (3.98) (9.31) (0.10) (2.15) (5.31)

Negative impacts of warmer temperatures in both RF and SF.

Agronomic impacts of warmer temperatures are negative

Farmers’ adaptation allows to offset part of these negative direct impacts.

−→ Adaptation effects are sizable and positive.
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Conclusion 2 : important insights

1 Reduced-form and structural approaches provide similar estimates of the

total impacts of weather conditions on crop yields.

2 Farmers do adjust their input applications in response to weather changes.

1 increase in fertilizer applications when temperatures increase

2 less precisely estimated weather impacts on pesticide applications

3 Adaptation impacts offset by one quarter to two thirds the agronomic impacts

of non-marginal increases in temperature, with heterogeneous effects

depending on the crops and temperature increases considered.

4 The usual yield-weather-panel approach does account for the consequences

of farmers’ adaptation for crop yields (on top of the direct impacts on plant

growth).
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General Conclusion

The estimation of the impact of climate change on agriculture has been the

subject of extensive research for over three decades.

Although the economic literature rapidly developed around the Ricardian and

weather-panel approaches, our recent work demonstrates that conceptual

improvements to both approaches are still possible and desirable.

We contribute to a growing body of methodological advances aimed at taking

appropriate account of the effects of agricultural adaptation (e.g., Burke and

Emerick, 2016 ; Mérel and Gammans, 2021).

Further efforts are required in this direction, in particular to gain a more

comprehensive understanding of the impact of climate change on agricultural

abandonment (i.e., the highest level of adaptation possible by definition).
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Ongoing projects

FAST ANR Project (2021-2027) : How farmers adapt their pesticide purshases

to weather variations udring the growing season?

Project Cland (2017-2027) : water, climate change and growth

Europpean project LAMASUS (2022-2026) : Land use adaptation to climate

change at the EU level

Project ANR ACCLIMATE (2023-2026) : role of land markets in land use

adaptation in France

Project INRAE WWR (2023-2025) : Multiple agricultural risks induced by high

winter temperatures

Raja Chakir (PSAE,INRAE) MATS Seminar 15 May 2024 80 / 99



Conclusion and ongoing projects

Thank you for your attention ! !

any questions?

raja.chakir@inrae.fr
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Estimation Results

Table – Marginal values of seasonal climatologies for log-linear and

log-quadratic Ricardian models in the Pooled and Repeat-Ricardian

analyses Back

Dependent variable : log(price)

Pooled Ricardian Repeat-Ricardian

Linear Quadratic Linear Quadratic

Model 2 Model 4 Model 2 Model 4 Model 2 Model 4 Model 2 Model 4

Temperature (C/day)
Spring 0.26 *** -0.22 * 0.02 -0.51 *** 0.36 *** 0.35 ** 0.29 ** 0.30 **

(0.08) (0.13) (0.09) (0.14) (0.13) (0.14) (0.14) (0.14)

Summer -0.17 ** 0.08 -0.06 0.17 0.26 ** 0.25 * 0.33 ** 0.33 **

(0.06) (0.10) (0.07) (0.11) (0.13) (0.15) (0.15) (0.15)

Autumn 0.25 ** 0.21 * 0.47 *** 0.58 *** 0.15 * 0.13 0.14 0.14

(0.09) (0.13) (0.10) (0.14) (0.09) (0.09) (0.09) (0.09)

Winter -0.26 *** -0.10 -0.34 *** -0.29 *** -0.23 *** -0.20 ** -0.14 * -0.14 **

(0.09) (0.12) (0.08) (0.11) (0.08) (0.09) (0.08) (0.07)

Precipitations (cm/month)
Spring -0.18 *** -0.11 *** -0.27 *** -0.16 *** 0.00 -0.02 0.01 0.00

(0.03) (0.04) (0.04) (0.05) (0.04) (0.04) (0.04) (0.05)

Summer 0.01 0.00 0.07 * 0.04 0.10 * 0.10 * 0.10 * 0.10 *

(0.03) (0.04) (0.04) (0.04) (0.05) (0.05) (0.05) (0.05)

Autumn 0.10 *** 0.08 *** 0.06 *** 0.02 0.04 0.03 0.01 0.01

(0.02) (0.02) (0.02) (0.03) (0.04) (0.04) (0.04) (0.04)

Winter -0.06 ** -0.08 *** 0.01 -0.01 0.07 * 0.06 0.02 0.02

(0.02) (0.02) (0.03) (0.03) (0.04) (0.04) (0.04) (0.05)

Number of observations 8,614 8,614 8,614 8,614 8,614 8,614 8,614 8,614

Time invariant plot controls Yes Yes Yes Yes

Time invariant municipal controls Yes Yes Yes Yes

Time variant municipal controls Yes Yes Yes Yes Yes Yes Yes Yes

Annual dummies Yes Yes Yes Yes

Plot fixed effects Yes Yes Yes Yes

Adjusted R2 0.14 0.16 0.16 0.18 0.14 0.14 0.14 0.14

Climatologies are computed using 30-year averages. Plot controls solely include plot size. Time invariant municipal controls include av-
erage altitude and soil conditions. Time variant municipal controls solely include population density. Standard errors are indicated within
brackets and account for spatial correlation of disturbances. *, ** and *** indicate a p-value lower than 0.1, 0.05 and 0.01 respectively.
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Conclusion and ongoing projects

Estimation Results

Table – Repeat-Ricardian estimates with alternative climate definitions

Back

Dependent variable : log(price)

30 years 20 years 15 years 10 years 5 years

Temperature (C/day)
Spring 0.35 ** 0.38 *** 0.19 *** 0.13 * 0.04

(0.14) (0.11) (0.06) (0.08) (0.03)

Summer 0.25 * 0.21 * 0.34 *** 0.05 -0.05

(0.15) (0.12) (0.07) (0.05) (0.04)

Autumn 0.13 0.19 *** 0.22 *** 0.38 *** 0.35 ***

(0.09) (0.06) (0.06) (0.05) (0.04)

Winter -0.20 ** -0.22 *** -0.20 *** -0.11 *** -0.01

(0.09) (0.07) (0.05) (0.04) (0.02)

Precipitations (cm/month)
Spring -0.02 0.09 ** 0.06 * 0.02 0.00

(0.04) (0.04) (0.03) (0.02) (0.01)

Summer 0.10 * 0.06 * 0.07 *** 0.01 -0.00

(0.05) (0.03) (0.02) (0.02) (0.01)

Autumn 0.03 0.06 ** 0.04 ** 0.00 -0.03 ***

(0.04) (0.02) (0.02) (0.01) (0.01)

Winter 0.06 0.03 -0.02 0.00 -0.02 ***

(0.04) (0.03) (0.02) (0.02) (0.01)

Number of observations 8,614 8,614 8,614 8,614 8,614

Time variant municipal controls Yes Yes Yes Yes Yes

Plot fixed effects Yes Yes Yes Yes Yes

Annual dummies Yes Yes Yes Yes Yes

Adjusted R2 0.14 0.14 0.13 0.13 0.13

Climatologies are computed for different periods. Time invariant municipal controls solely include
population density. Standard errors are indicated within brackets and account for spatial correla-
tion of disturbances. *, ** and *** indicate a p-value lower than 0.1, 0.05 and 0.01 respectively.
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Estimation Results

Table – Repeat-Ricardian estimates for sub-samples differing according

to the length of time between two sale dates Back

Dependent variable : log(price)

All 1-5 years 6-10 years ≥11 years

Temperature (C/day)
Spring 0.35 ** 1.09 *** 0.48 * -0.21

(0.14) (0.27) (0.26) (0.21)

Summer 0.25 * 0.44 * 0.15 0.37 *

(0.15) (0.27) (0.28) (0.20)

Autumn 0.13 0.05 0.06 0.01

(0.09) (0.18) (0.20) (0.15)

Winter -0.20 ** -0.43 *** -0.18 0.09

(0.09) (0.16) (0.19) (0.15)

Precipitations (cm/month)
Spring -0.02 -0.05 -0.09 -0.04

(0.04) (0.09) (0.00) (0.07)

Summer 0.10 * 0.12 0.28 *** -0.01

(0.05) (0.11) (0.09) (0.09)

Autumn 0.03 -0.13 0.02 0.09

(0.04) (0.08) (0.07) (0.06)

Winter 0.06 0.09 -0.11 0.09

(0.04) (0.08) (0.07) (0.06)

Number of observations 8,614 4,520 2,068 2,026

Time variant municipal controls Yes Yes Yes Yes

Plot fixed effects Yes Yes Yes Yes

Annual dummies Yes Yes Yes Yes

Adjusted R2 0.14 0.09 0.17 0.24

Climatologies are computed using 30-year averages. Time invariant municipal controls
solely include population density. Standard errors are indicated within brackets and
account for correlation of disturbances. *, ** and *** indicate a p-value lower than
0.1, 0.05 and 0.01 respectively.

Raja Chakir (PSAE,INRAE) MATS Seminar 15 May 2024 91 / 99



Conclusion and ongoing projects

Estimation Results

Table – Repeat-Ricardian estimates in irrigated and rainfed departments

Back

Dependent variable : log(price)

All Irrigated departments Rainfed departments

Temperature (C/day)
Spring 0.35 ** 0.18 0.37 **

(0.14) (0.38) (0.12)

Summer 0.25 * -0.15 0.28 *

(0.15) (0.47) (0.15)

Autumn 0.13 0.72 ** 0.11

(0.09) (0.32) (0.10)

Winter -0.20 ** -0.31 -0.18 **

(0.09) (0.24) (0.09)

Precipitations (cm/month)
Spring -0.02 0.18 -0.03

(0.04) (0.19) (0.05)

Summer 0.10 * 0.46 ** 0.04

(0.05) (0.19) (0.06)

Autumn 0.03 0.00 0.04

(0.04) (0.12) (0.04)

Winter 0.06 -0.48 *** 0.09 **

(0.04) (0.15) (0.04)

Number of observations 8,614 978 7,636

Time variant municipal controls Yes Yes Yes

Plot fixed effects Yes Yes Yes

Annual dummies Yes Yes Yes

Adjusted R2 0.14 0.08 0.15

Estimates are computed using log-linear Ricardian models. Plots are classified into two sub-samples accord-
ing to whether they are in a department for which more than 15% of the UAA is irrigated. Climatologies
are computed using 30-year averages. Standard errors are indicated within brackets and account for spatial
correlation of disturbances. *, ** and *** indicate a p-value lower than 0.1, 0.05 and 0.01 respectively.
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Estimation Results

Table – Repeat-Ricardian estimates in different climates Back

Dependent variable : log(price)

All Continental Oceanic Mediterranean Mountain

Temperature (C/day)
Spring 0.35 ** 0.62 ** 0.90 *** -0.47 0.00

(0.14) (0.24) (0.25) (0.47) (0.40)

Summer 0.25 * -0.25 -0.17 1.49 *** 0.39

(0.15) (0.25) (0.24) (0.51) (0.46)

Autumn 0.13 0.06 -0.05 -0.27 0.42 *

(0.09) (0.16) (0.15) (0.36) (0.23)

Winter -0.20 ** 0.04 -0.42 *** -0.18 -0.01

(0.09) (0.13) (0.15) (0.24) (0.26)

Precipitations (cm/month)
Spring -0.02 0.18 ** -0.15 ** 0.24 0.34 **

(0.04) (0.09) (0.07) (0.15) (0.15)

Summer 0.10 * 0.13 0.05 0.12 -0.19

(0.05) (0.10) (0.08) (0.22) (0.16)

Autumn 0.03 -0.07 -0.02 -0.02 -0.16

(0.04) (0.08) (0.06) (0.11) (0.13)

Winter 0.06 -0.04 0.25 *** -0.12 -0.03

(0.04) (0.07) (0.07) (0.10) (0.19)

Number of observations 8,614 2,904 3,604 1,098 1,008

Time variant municipal controls Yes Yes Yes Yes Yes

Annual dummies Yes Yes Yes Yes Yes

Plot fixed effects Yes Yes Yes Yes Yes

Adjusted R2 0.14 0.14 0.20 0.13 0.08

Estimates are computed using log-linear Ricardian model. Plots are classified into four sub-samples according
to their initial climate. Climatologies are computed using 30-year averages. Time invariant municipal cont-
rols solely include population density. Robust standard errors are indicated within brackets and account for
spatial correlation of disturbances. *, ** and *** indicate a p-value lower than 0.1, 0.05 and 0.01 respectively.
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Estimation Results

Continental

Mediterranean

Moutain

Oceanic

Figure – The diversity of French climates (Source : authors based on Joly

et al., 2010). Back
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Simulations of Climate Change Impacts
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Figure – Climate change impacts on farmland prices for various

scenarios in 2046-2069. Dots represent point estimates and whiskers show
the 95% confidence interval. The dashed lines correspond to pooled
Ricardian models. The solid lines indicate repeat-Ricardian models. All
estimates come from Ricardian models with control variables and annual
dummies (Model 4). Back
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Data

We define climate by the set of seasonal climatologies on temperature

(°C/day) and precipitation (cm/month)

We compute the climatologies as 30-year averages of temperatures and

precipitation between t − 30 and t − 1, using daily weather information for

the 8,602 French stations since 1959 from the SAFRAN database (provided by

Météo France)

▶ Spring is defined as March-May (respectively June-August,

September-November and December-February for summer, autumn and

winter)
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Data

The repeat-Ricardian analysis exploits differences over space of changes in
climatologies

Table – Climate change across French municipalities between 1996 and

2019 (N=36,486)

Mean S.D. Min Max Mean S.D. Min Max

Temperature (°C/day) Precipitation (cm/month)

Spring 1996 9.18 1.62 -3.40 13.6 Spring 1996 6.95 1.69 0.01 16.8

Spring 2019 10.24 1.67 -2.50 14.40 Spring 2019 6.82 1.71 0.01 15.50

Spring change 1996-2019 1.06 0.23 0.00 2.16 Spring change 1996-2019 -0.13 0.32 -1.70 1.27

Summer 1996 17.39 2.00 0.01 22.70 Summer 1996 6.32 1.78 0.01 15.90

Summer 2019 18.34 2.11 0.01 23.80 Summer 2019 6.53 1.77 0.01 16.30

Summer change 1996-2019 0.95 0.26 0.00 2.40 Summer change 1996-2019 0.21 0.38 -1.60 1.73

Autumn 1996 10.73 1.70 0.01 16.50 Autumn 1996 7.87 2.10 0.01 24.10

Autumn 2019 11.16 1.74 0.01 17.10 Autumn 2019 8.17 2.36 0.01 29.80

Autumn change 1996-2019 0.43 0.30 -0.96 1.41 Autumn change 1996-2019 0.31 0.57 -1.00 5.74

Winter 1996 3.67 1.82 -6.8 9.39 Winter 1996 7.01 2.03 0.01 17.90

Winter 2019 4.09 1.76 -6.6 9.78 Winter 2019 7.04 1.97 0.01 19.50

Winter change 1996-2019 0.42 0.30 -1.10 1.58 Winter change 1996-2019 0.03 0.66 -3.10 2.11
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Data

Representative of the general population (no evidence of selection bias) Back

  971
  972
  973
  974
0.10%
0.10%		
0.20%
0.20%		
0.30%
0.40%
0.50%
0.60%
0.70%
0.80%
0.90%
1.00%
1.10%
1.20%
1.30%
1.40%
1.50%
1.60%
1.70%
1.90%
2.10%
2.30%
2.40%
2.50%
2.70%
2.80%
3.00%
3.10%
3.40%
4.80%

0.00%

0.10%

0.20%		

0.30%		

0.40%		

0.50%

0.50%		

0.60%		

0.70%		

0.80%		

0.90%		

1.00%		

1.10%		

1.20%		

1.30%		

1.40%		

1.50%		

1.60%		

1.70%		

1.80%		

1.90%		

2.00%		

2.10%		

2.70%		

2.90%		

3.00%		

3.60%		

Figure – Distribution of the observed transactions in (a) the repeat sales

sample and (b) the general population.
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Data

Table – Summary statistics for the plots in the repeat-sale samples,

expressed in differences between the two sale dates (N=8,614)

Differences between t2 and t1 Mean S.D. Min Q1 Median Q3 Max

Farmland price (e/ha) 2,621.18 9,936.48 -103,389.66 -82.37 721.55 2,598.78 154,876.42

log(farmland price) (e/ha) 0.27 0.62 -9.18 -0.02 0.18 0.51 4.10

Spring temperature (°C/day) 0.31 0.27 -0.06 0.08 0.23 0.46 1.47

Summer temperature (°C/day) 0.25 0.23 -0.13 0.07 0.18 0.36 1.41

Autumn temperature (°C/day) 0.17 0.19 -0.52 0.03 0.11 0.27 1.02

Winter temperature (°C/day) 0.10 0.18 -0.92 -0.02 0.06 0.19 1.25

Spring precipitation (cm/month) -0.04 0.26 -1.45 -0.18 -0.03 0.11 1.11

Summer precipitation (cm/month) 0.12 0.27 -1.25 -0.04 0.08 0.25 1.33

Autumn precipitation (cm/month) 0.09 0.32 -1.08 -0.11 0.05 0.24 2.31

Winter precipitation (cm/month) 0.01 0.36 -2.56 -0.15 0.01 0.17 1.77

Municipal population density (inhabitants/km
2
) 4.77 15.96 -139.51 -0.03 1.29 5.53 409.01
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