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Climate change imposes new challenges on the sustainability of agriculture and forests
Under globally increasing environmental constraints, productive systems and ecosystems will be faced
to increased demands by the society.
➢ Ensuring food and nutrition security
✓ 800 million people chronically undernourished.
✓ About 2 billion people with micronutrient deficiency.
✓ 9 billion people in 2050. Expected increase in food production by 50-70%.
➢ Forests and forest based sector
✓ Worldwide (FAO 2015), 13 million jobs in the structured forest sector, 40 million in the informal sector.
✓ 1.2 to 1.4 billion people depend on forests for food, fodder, fuel, and habitat needs (FAO 2015).

➢ Supply of important ecosystem services. Soil protection, watercourse regulation, carbon sequestration,
mitigation of climate change, water quality, air purification, recreation, landscapes, cultural values.
➢ In the context of increased pressure on soils, water resources and biodiversity, resources should be made
available for the development of the bioeconomy.
➢ It will be necessary to harvest more while preserving the other services of the productive systems and in
particular the sequestration of C.
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Climate change. Established impacts and
(some) projected impacts
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EUROPE – model projections for future climates
Change annual rainfall (%)
Change mean annual temperature
2070-2100 with reference to 1970-2000

Global rainfall will
increase,
but zonal contrasts
will be exacerbated

Intermediate
scenario
(RCP 4.5)

Pessimistic
scenario
(RCP 8.5)
EURO-CORDEX
Jacob et al., 2014
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Yield stagnation in main crop species since the early 1990s
Soft wheat (Triticum aestivum) in France

Grain yield (100 Kg/ha)

➢ The genetic progress continues at the same pace.
➢ 30 to 70 % of yield stagnation is attributed to climatic factors (accelerated
phenology, spring droughts, high summer temperatures)
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➢ The remaining is due to crop rotation changes and to the lowered crop inputs.
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Evolution of wheat yield
at the global level.
Simulations by 30
mathematical models of
culture for retrospective
evaluations and
projections in the future.

1981-2010

Future climate: + 2°C

Asseng et al., 2014
Future climate: + 4°C
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Phenological shifts since the 1900s

Official start date of harvest

Vine (Vitis vinifera) in France

https://www6.inra.fr/soere-tempo/

➢ Interannual fluctuations
➢ Long term change (almost one month advance)
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North-South Contrasts in retrospective growth trend assessments
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ive de ∆G (m2/ha/5ans)

Pubescent oak Southern France
French Forest Inventory (IGN)

- Growth limited by drought
- Increased summer drought
- Increased summer T
Jean-Daniel Bontemps
LIF-IGN Nancy
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More frequent, longer and more severe extreme drought and heath events.
Beyond climatic trends:
- they severely reduce crop yields and decrease their interannual stability;
- they are drivers of increased vulnerability to climate change, namely for perennial species through carry-over
effects and mortality.
- ‘Hotter drought’ an emerging characteristic of the Anthropocene.

- Identification of six broad-scale drivers of the world’s forests vulnerability
to amplified tree mortality from anticipated hotter droughts:
• Drought occurs everywhere.
• Warming produces hotter drought.
• Atmospheric evaporation demand increases sharply with temperature
during drought.
• Mortality can occur faster in hotter drought.
• Increased frequency of lethal drought (shorter droughts become lethal).
• Mortality happens rapidly relative to growth intervals needed for forest
recovery.

Pinus edulis mortality
and still green
Juniperus monosperma
SW USA (2009)
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A significant contribution to global greenhouse gases emissions
(CO2, CH4, N2O)
by the
‘Agriculture, Forests and Other Land Use’ (AFOLU) sector
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A significant contribution to global greenhouse gases emissions (CO2, CH4, N2O) by the
‘Agriculture, Forests and Other Land Use’ (AFOLU) sector. In CO2 equivalents for the global
warming power.

IPCC AR5 WGIII.
Houghton et al, 2012, Biogeosciences

Residential,
Tertiary sector

Agriculture, Forests and
Other Land Use (AFOLU)
24.8%

18.3%

Transport
14.4%

S = 9.9 GtCO2eq/year
2.3 GtCO2eq

Synthetic fertilizers, manure management
and application, crop residues, cultivated
organic soils (N2O)

2.5 GtCO2eq

Enteric fermentation and rice cultivation,
wetlands (CH4)

1.3 GtCO2eq

Drained peat, fires, crop residues, savannah
burning (CO2, N2O, CH4)

Energy systems
11.0%

Industry

31.5%

Allocation of total greenhouse gases emissions in 2010
(49.5 GtCO2eq/yr) across the five activity sectors
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3.8 GtCO2eq

Land use change and forests (deforestation,
degradation, regrowth) (CO2).

No account of undisturbed or non tropical
forests (CO2 sink, Pan Y et al 2013)

Mean annual AFOLU emissions of greenhouse gases for
different forest and agricultural sectors for the decade
2000-2009. Total = 9.9 GteqCO2/year
10

Adaptation and mitigation, two necessary and complementary
pillars of the action facing climate change
Adaptation primarily aims at moderating the adverse effects of unavoided climate
change through a wide range of actions that are targeted at the vulnerable system. (It
may also include taking action to seize new opportunities brought about by climate
change.)
Mitigation refers to limiting global climate change through reducing the emissions of
greenhouse gases (GHGs) and enhancing their sinks
According tu Füssel HM and Klein RJT, 2006
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Adaptation and mitigation, two necessary
pillars of the action facing climate change
- Adaptation
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The scale of required adaptations

Business as usual

Research, Transfer, Innovation
Extent of previous
experience
of conditions

(from Thornton, 2014)

Incremental
(COPE)

• Sowing dates
• Change in variety
• Water management

Systemic
(ADJUST)

• New crop or
timber species
• Diversification
• Agroforestry

Radical transformation

Transformationa
l
(TRANSFORM)

• New production
systems and sectors
• New livelihoods
• Migration

Degree of climate change, time
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The range of possible adaptations of productive or ecological systems
Level of anthropisation
Biodiversity, generation duration
Spontaneous vs. active adaptation
Natural forets
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Semi-natural forests, grasslands

Planted forests

Crops
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Modalities of active adaptation of forests to climate change
 To perform forest monitoring in order to detect trends and impacts
of extreme events (droughts, heat waves, storms).
 To reduce overall risks to biodiversity (biotic networks, species invasion)
and soil quality.
 To implement more dynamic adaptive silviculture: thinning, shorter
rotations to reduce risks (fires, bio-aggressions, storms).
 To ensure better adaptation of species to the environment. To favor
highly resilient mixed stands.
 To adapt species and provenances during stand renewal (assisted
migration): plantations, improved varieties, exotic species.

Degree of
adaptation/transformation
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Successful historical example of migration and assisted management
The regeneration of Cedrus atlantica (exotic species introduced in the second half of the 19th century from
the Atlas mountains) compared to beech on the slopes of Ventoux

François Lefèvre, INRA Avignon
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Adaptation of cropping systems to changing climate
A strong modeling and simulation background is available for crops
(review by Debaeke P et al., Cah. Agric., 2017)

 Short-term risk management at farm level (autonomous adaptation)
▪ Shifting planting dates to face new temperature and precipitation patterns.
▪ Choosing and including new crops and cultivars to take advantage of opportunities or
minimize the vulnerability.
▪ Modifying and widening crop rotations (diversification as a self-insurance measure)
▪ Increasing water availability and water-use efficiency by irrigation, crop management
and cropping systems

 Long-term adaptation of the agricultural sector. Transformational changes in land
allocation and management, farming systems, etc.

Degree of
adaptation or
transformation

▪ To develop and favour the use of model-based tools, climate predictions and sitespecific technology to optimize, support and secure farmer’s and territorial decisions and
options.
▪ Breeding for new varieties better adapted to thermal shocks, drought, waterlogging and
higher atmospheric CO2 concentration..
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Elements of adaptation strategies
❖ Redesign/diversify cropping systems
➢
➢
➢
➢

Change in cultivation area location
Crop replacement (e.g., maize -> sorghum)
Diversification: Intra-field (mixed crops, succession of crops, …), intra-farm, intra-basin… …
New domestications? (e.g., using genome editing … but important social concerns; also
consider participatory domestication)
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Adaptation and mitigation, two necessary
pillars of the action facing climate change

- Mitigation
Agriculture, forests and land-use changes account for 24% of global GHG
emissions. This sector must provide solutions through mitigation measures by :
▪

Reduced emissions : Deforestation, CH4, N2O

▪

Sequestration of C in soils and in biomass (forest)
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Evaluation of ten measures for reducing the emissions of GHG by the
agriculture sector in France by 2030.
(y-axis = cost, x-axis = mitigation potential)

Cost
(€/t CO2eq/year)

Cumulative mitigation potential
(Mt avoided CO2eq/year)
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Contribution of French forests to the mitigation of climate change

❖ Consideration of four levers for mitigating CO2 emissions by the forest:
▪ Sequestration of C in the forest ecosystem
▪ Storage of C in wood products or wood-based products
▪ Energetic substitution of fossil fuels (in avoided CO2 emissions equivalents)
▪ Substitution in products or materials (in avoided CO2 emissions equivalents)
❖ Time horizons considered : 2013 – 2035 – 2050
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Flows of material and CO2 at different stages of the French
forestry & wood sector in 2013. Harvest in forest is presently about 50%
of the biological biomass increment.

LW=Lumber,
PW=Pulpwood,
EW=Energy wood

Agregation of three complementary modelling
tools:
▪ MARGOT model (Matrix model of forest
Resource Growth and dynamics on the
Territory scale).
▪ FFSM (French Forest Sector Model), an
economic modelling tool
▪ GO+ model. to account for the effects of
climate change on forest dynamics. Depicts the
primary biophysical and biogeochemical
processes of a forest ecosystem

in deadwood

Annual storage (MtCO2eq/yr)

in forest soils
in hardwood and softwood biomass
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Material flows
wood from forest
wood from industry or end of life products
Substitution effect (MtCo2 avoided/yr)
Material substitution
Energy substitution

The evaluation provides a present contribution to mitigation of 130 Mt CO2
eq/year
Total French emissions are about 500 Mt CO2 eq/year
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Some scenarii related projections for French forests in terms of mitigation
▪ An "Extensification" scenario under which current harvest levels would be maintained.
▪ A "Territorial dynamics" scenario, under which current removal rates would generally be
maintained.

▪ An "Intensification plus replanting" scenario with increased removal rates and a deliberate
replanting policy targeting 500,000 ha over ten years (transition toward a new bioeconomy).

❖ Even a sharp increase in forest harvesting would have a low impact on forest ecosystem storage, given the
current situation of French forests (rapid expansion and trend towards capitalization) and partial (and
transient) compensation for stocks in the forests by storage in products and the deadwood.
❖ The role of the French forestry sector in mitigating climate change is likely to become more significant
between now and 2050 (independent of scenarii). Total impact of the forest-wood sector in terms of climate
change mitigation, summing up storage and substitution effects : ~ 130 Mt CO2eq/an in 2013, ~ 150 in 2050.

❖ Social acceptability of increased harvest ?
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Characteristics and key differences between mitigation an adaptation
Adaptation to climate change

Mitigation of climate change

Benefited systems

Selected systems

All systems

Scale of effect

Local to regional

Global

Life time

Years to centuries

Centuries

Generally less certain

Certain ?

Mostly

Sometimes

More difficult

Relatively easy

Effectiveness
Ancillary benefits
Füssel HM & Klein RJT, 2006

Monitoring

- Two fundamental and complementary response options to the risks posed by anthropogenic changes.
- Major differences in the typical temporal and spatial scales and in nature of societal challenges.
- Adaptation and mitigation measures are formulated largely independent of each other.
- Yet they have to be combined and their trade-offs have to be assessed for defining consistent stakeholders
actions and public policies.
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How to reconcile adaptation and mitigation?
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Integrating climate change mitigation and adaptation in agriculture and forestry:
a meta-analysis approach
Conceptual framework of the integration of adaptation and
mitigation into landscape management. Climate-smart
landscapes should encompass societal adaptation, ecological
adaptation and climate change mitigation.
1
3
2

(1) Landscapes deliver services that contribute to the adaptation of
society

(2) Society manages landscapes for adapting agriculture and
ecosystems
(3) Landscapes contribute to climate change mitigation through
enhanced carbon storage and reduced greenhouse gas emissions.
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Three main conceptualizations of the
relationships between adaptation and mitigation
142 articles (of empirical nature) kept in total
(a) Joint outcomes (activities with nonclimatic primary objectives deliver joint
adaptation and mitigation outcomes);
(b) Unintended side effects (activities aimed at only one climate objective—either
adaptation or mitigation—also deliver outcomes for the other objective);
(c) Joint objectives (associating both adaptation and mitigation objectives leads to
interactions that strengthen or weaken outcomes).

(a) Joint outcomes (43% of papers): landscape management can contribute to both adaptation and mitigation.
(b) Unintended side effects (33% of papers): adaptation affects mitigation, mitigation affects adaptation (20%
services, 13% disservices)
(c) Joint objectives (24% of papers): the whole is greater (or smaller) than the sum of its parts (strengthening
16%, weakening 2%, competition 1%, synergy 5%).
CAETS 2018 Montevideo, JM Guehl
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Some conclusions
➢ Agriculture and forests have a special status with respect to climate change requiring
major actions with still major research challenges.
✓ As production systems and ecosystems highly solicited but vulnerable, with critical
adaptation issues.
✓ As a sector that strongly contributes to greenhouse gas emissions and simultaneously
provides solutions for climate change mitigation including substitution forenergy or
materials.
➢ The implementation of landscape and territorial strategies and policies is necessary in
order to coherently articulate adaptation and mitigation in the face of climate change.
This combination is not realized spontaneously..

➢ The mobilization of additional biomass resources must be based on the explicit
consideration of the relationship with climate change and the various ecological services
expected from agriculture and forestry by society..
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Some features of French agriculture and forest based sectors
- 29 Mha total cultivated area (54% of country’s area).
- Second largest producer/exporter in the EU.

Land cover share France 2014
Total = 55 Mha
Total productive land area = 43.5 Mha
5.3 Mha
2.8 Mha

- 15.5 Mha production forests, 2/3 broadleaved, 1/3 coniferous,
13% plantations (area basis), mainly semi-natural managed forests.
Cropland

- Third EU’s rank for wood growing stock and annual woody biomass
increment

Grassland

- Rather week industrial sector, overall availability of woody
biomass resources with geographical contrasts.

Tree covered area

- 2017 The French strategy for bioeconomy.

0.9 Mha
19.7 Mha

17 Mha

Shrubs, heathland,
herbaceous veg.
8.3 Mha

Wetlands and
water bodies
Others

AGRESTE TERUTI-LUCAS

- 2 Million jobs (8%) in the agriculture, food and forest-based sectors
- 3.6% of national GDP
- Bio-sourced products generate over 5 billion € turnover
(2012)
- Renewable energies are targeted to reach 32% in 2030
- 54% of renewable energies are derived from biomass presently.
- An additional amount of woody biomass is targeted to become
available (40% increase reached in 2035).
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Future climate change under uncertainty (IPCC AR 2014)
Global average temperature increase at the surface of the earth (°C)
(CIMP5, référence = 1986-2005)

Enlever ?

The future trends are
determined by the rates
of greenhouse gases
emissions but also by the
net absorption by the
oceans and the
continental ecosystems
(mitigation).
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Sans doute pas montrer cette figure car uniquement CO2

Emissions et puits globaux
de CO2 : une convergence
avec les modèles de surfaces
continentales

Emissions annuelles
anthropogènes de CO2
et destinées (Gt C an-1)

Terrestrial CO2 sink
(Gt C year-1)
4

‘residual’ Evaluation

0
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‘Process-based ’ land cover models
(effect of climate, ENSO)

Ciais P. et al. (2013)
Contribution WG1, IPCC AR5
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Agriculture, forêts et flux de GES
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Simulations à l’aide de modèles écologiques : des modifications majeures des
aires de répartition potentielle des espèces d’arbres
Evaluation écologique et économique pour la filière forêt-bois

ENLEVER ?

2070-2100 scenario A1B

1950-2000

Epicéa
Epicéa
hêtre

hêtre

Pin 1

Pin 1

Chêne 1
Chêne 2

Chêne 1

Chêne 2

Mettre deux
photo de chene 1
et chene 2

Pin 2
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Pin 2
Marc Hanewinkel et al., Nature Climate Change 2013
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Dynamiques forestières mondiales : des sources et puits de CO2 en évolution

Déforestation et dégradation forestière
dont repousse zones perturbées

+ 2,9 Gt CO2 par an (8% des émissions de CO2 fossiles)

Séquestration de carbone par les
forêts tempérées et boréales

- 2,2 Gt CO2 par an

Le bilan net des forêts actuellement

+ 0,7 Gt CO2 par an, non significativement

0
L’accumulation nette de CO2 par les forêts tropicales intactesdifférent
n’est pasde
intégrée
de facon
satisfaisante dans le bilan FAO. Pan et al. (Science 333, 988, 2011) estiment que les forêts sont un
puits de CO2 d’environ – 4 Gt CO2 par an (1t CO2 par ha et par an). Cette question reste ouverte.
Dans le futur rétroactions des forets amazoniennes et boréales sur le climat
CAETS
2018 Montevideo,
JM Guehl en sources de CO2)
(risques
de basculement
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La révolution du développement de la technologie des mesures d’échanges
turbulents écosystèmes-atmosphère (début 90s)
Méthodes des corrélations
turbulentes : ’eddy correlations’

Flux nets de CO2 entre écosystème et atmosphère (NEE)

NEE = GPP - Récosystème
Photosynthèse
brute (GPP)

Respiration
écosystème (Reco)

GPP = 38.7 tC /ha/an
Réco = 36.0 tC /ha/an
NEE = 2.7 tC /ha/an
Moyennes sur 10 ans
de fonctionnement
Flux de chaleur, vapeur d’eau, CO2,
méthane…

‘Tour à flux’ Guyaflux, Paracou Guyane
UMR ECOFOG
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Cultures annuelles et adaptation
❖ Nouvelles cibles pour la sélection variétale

Résistance à la sécheresse

Evitement

Esquive

Tolérance

➔ Profondeur d’enracinement
➔ Rapport tige/racines
➔ Mycorhizes

➔ Fermeture des stomates
➔ Enroulement des feuilles
➔ Structure épiderme foliaire

➔ Précocité
➔ Plasticité du développement
➔ Remobilisation des assimilats

➔ Ajustement osmotique
➔ Solutés protecteurs
➔ Enzymes tolérantes à la dessiccation

Optimisation de l’acquisition
de l’eau compatible avec des
rendements élevés quelles
que soient les conditions
hydrologiques

Efficience d’utilisation de l’eau
élevée car usage conservatif de
l’eau. Rendement limité dans
certaines
conditions
hydrologiques

Racourcissement de la
saison de croissance
Croissances potentiellement
limitée en absence de stress

Mécanismes de survie
des espèces xérophylles. Intérêt
limité pour les plantes cultivées

(d’après Bodner et al., 2015)
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