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Context and motivation

Forests are ecosystems that play an important role in the adaptation of the society to climate
12, @ - AATAAA -AA 2peA#22010); Fhey phvitd Beadgstem services that
contribute to human webeing and reduce social vulnerabilityaddition to timber production

and heritage values(g. biodiversity, recreation), forests store carbon, protect water resources
and soil from erosion, and protect against natural hazarggdndslide in mountainous areas,

flood in coastal areasiter alia Their long growth cycle makes them vulnerable to natural risks.

Up to now, forests have adapted to cope with a variety of disturbances coming from the direct
environmentj.e., abiotic disturbanceg(g.climate, soil, topography, chemicalde€f and from

the interaction with other living beingse., biotic disturbancese(g., pests and diseases,
competition).

Presently, the pace of climate change is accelerating too fast for the natural and spontaneous
forest adaptation process to offsetngnanegative impacts of climateluced changes. The
increase in atmospheric concentrations of carbon dioxidg l{€Obeen a major contributor to

global climate change (IPCC, 2013). Concentrations, dia@®increased by 40% since the
1950s, thus leadirig many consequences never observed before. These include the increase of
global mean temperatures and the intensification of contrasts between wet and dry
regions/seasons (IPCC, 2013). All these changes can indutershpdsitive effects on forest
productivity through Cg&ertilisation (Schroteet al, 2005) as well as losigrm negative effects

such as increased frequency, duration, and intensity of mean and extreme natural events (Dale
et al, 2001). More specifically, growing seasons extend thtengperature increments, and,

under favourable precipitation conditions, forest productivity increases as growing seasons,
atmospheric carbon concentrations (to some extent), and nitrogen deposition increase (Schroter
et al, 2005). However, in the evaitrepeated and severe drought episodes, forests cannot take
advantage of these environmental factors: There is adfabdetween growth performance and
resistance or even survival (McDowetlal, 2008). In France, the extreme drought events of
1976 ad 2003 caused great damage to the forest, both immediately and long after the drought
episodes (Brédeat al, 2004). The 2003 drought caused more damage than that of 1976 as the
heat wave occurred simultaneouslth a water shortage that induced stomataitrol and loss

of canopy refreshment (Brédtal, 2006). In 2018, an even stronger drought event affected a
larger area of Europe than in 2003 (Buedsal, 2020). These examples show how water
resource is a key factor for forest productivity andtineadd how the timing, duration, and
intensity of water shortage is one of the principal sources of stress.

From the ecophysiological point of view, drought is a reduction of the water availability in the
soil, sufficiently severe to prevent the optimaicioning of trees due to insufficient
precipitation, high temperature inducing high evapotranspiration, and large water uptake by
trees (Bredat al, 2004). Drought is a natural phenomenon affecting forest productivity and
health especially when its insaty is extreme (Seiék al, 2011). In Europe, trees suffer from
severe water shortages that typically occur in early summer (Bréda and Badeau, 2008). While
drought is considered as one of the main damaging abiotic risks (RbaB@006), its indaed

impacts on forest health have been underestimated for a very long time due to inconspicuous
damage at first sight (Spiecker, 2003). Water shortages result in a variety ofasdort
medium/longterm effects, which can be more or less severe (ane)y#pending on species,
e.g.closure of stomata leading to reduced transpiration and carbon assimilation, slower growth,
abnormal defoliation, xylem embolism, and mortality of buds, branches, roots or the entire tree.
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These tredevel regulations or peranent damages may impact entire stands, and ultimately,
entire ecosystems. Indeed, at the stand level, the loss of growth, which is proportional to the
drought intensity, induces a loss of productivity. At the ecosystem level, the lack of water supply
reduces most of the biological cycles and affects the functions of the forest. This leads to a loss of
ecosystem services, such as wood production and carbon sequestration. In terms of socio
economic impacts, drought as well as other disturbances suches generate financial losses

that may be concentrated at the stand level or may affect the whole wood chain sector: loss of
marketability, decrease in future stand value, additional cost associated with forest restoration,
and loss of hunting revenues avttier regular sources of revenue (Birot and Gollier, 2001).
Additionally, the decrease in the supply of ecosystem services results in economic losses for forest
owners, as well as a loss of welfare and amenities for the society as a whole €¢6ahrd05;

Dinget al, 2016).

While extreme drought events are thought to be rare phenomena, their frequency might increase
in the future because of climate change (IPCC, 2013). Additionally, spontaneous forest adaptation
will most likely be not fast enoutghkeep up with the pace and the intensity of this global change.

In a context of increasing risk, forests need to adapt in order to reduce their vulnerability to
droughtinduced dieback ¢« ppy, —2p2AA2A°A; -Aletalh 2010 hirnee, A 2A (14!
three-quarters of the metropolitdforests are privately owned (i 2019). This represents 12.5
million hectares owned by 3.5 million private owners, with more than 60% of them owning less
than one hectare. Therefore, the adaptation of the Fremests heavily relies on private owners.
Despite being aware of climate change and its immadysa minority ofdrest owners adapt

their forests in a proactive waydusaSilvaet al, 2016Andersson and Keskitalo, 2018). Ninety

five (95%) of them dmot have a management plan (CRIP®19). In the near future, the
increase of climatemduced damages associated with greater financial losses is likely to either
discourage forest investments, foster forest abandon (which, in turn, will result infddoesst o
functions) or, to the contrary, stimulate the implementation of adaptation strategies in response
to the forest crisis.

Since Smiet al (2000), various definitions of adaptation have been proposed in the literature
dedicated to climate change.the context of global change, adaptation usually refers to a
process, action or outcome in ecological and-socimmic systems in order for the system to
better cope with, manage or adjust to actual or expected changing conditions, external stress,
hazard, risk or opportunity, and its related effects or impacts mif 2000; Smit and Wandel,

2006). While climate change induces uncertainty with regard to the impacts and outcomes of
adaptation, certain losses can be avoided by implementing thpragipradaptation strategies.

These strategies can be divided into two categories of risk management:-baseket
adaptations and managemdrased adaptations. Markedsed adaptation refers to insurance,
i.e.,financial compensation for losses and/otassociated with recovery actions taken in an
attempt to return to the prdisaster status. Managemdratsed adaptation refers to a decision
making approach aimed at managing a crisis after a disaster and anticipating actions to prevent
risk impacts ondrest stands. Different typologies were defined depending on key attributes,
such as the purposefulness (autonomaugplanned), the timing (proactiwe. reactive), the

scope (incrementafks. transformational) or the goal (resistanvseresiliencers. transition) of

the adaptation (Fischer, 2019). The World Bank (2010) also proposed a categorisation based on

I French National Forest Inventory.
2 French NationaCener for PrivatelyOwned Forests

-13-



INTRODUCTORY CHAPTER

soft versushard adaptation. The following classification was used in this thesis: incremental,
transitional, and transformational adaptations (@ogaet al, 2012; Ramire¥illegas and
Khoury, 2013). Incremental adaptations entail making small changes in current contexts in order
to avoid disruptions (Fischer, 2019). Local adjustments (stand level) are made based on the
observed impacts.€.,reative adaptation). Transformational adaptations entail making-large
scale changes (whole sector) or changes that are new to a particular region or system; or
changing the broader biophysical, social or economic system (Fischer, 2019). These planned and
longterm changes need more resour@eg,(financial, technical) and induce more uncertainty

than the two other types of adaptation. Transitional adaptation lies between incremental
adaptation and transformational adaptation. Gradual and continuous chamngssps are
implemented based on the observed impacts, as it is the case in the incremental adaptation.
However, depending on the site conditions and/or the intensity of the damages, the outcomes of
incremental adaptation can be insufficient. The systerthus transformed, but not
fundamentallyas it would be with a transformational adaptation. Instead, the transformation
allows for the establishment of a new steady state characterized by a higher level of complexity
or quality.

Private owners can protetheir forests through a combination of the abdescribed
adaptation strategies. Therefore, to cope with climate chelaged risks such as drought
induced risk of forest dieback, Fuheerl.(2006) emphasized the need for managerbased
adaptation strategies supplemented with new insurance contracts (Hzaket adaptation).

Indeed, forest management is the main tool for managing vulnerability at the stand level (Jactel
et al, 2009). Silvicultural operations tailored to species compositiowvarstiavy structure have

the largest influence on both the biotic and the abiotic risks faced by European forest stands.
Such operations can achieve forest management objectives at the same time as minimising risks
(Jactelet al, 2009). Indeed, watevavirg forest management can mitigate the intensity and
HAEA2A°A; A.- E2ATA AtAAA2 T ATACAPA 2,p Atg°A AT%2ATH p2%:?2
adaptive capacity to a changing climate (Bréda and Badeau, 2008).

Different managemetitased adaptatiorirategies are recommended in order to improve the
water consumption efficiency of the forest stand and thus its resistance to drought risk
(Spittlehouse and Stewart, 2003). First, the following incremental adaptation strategies can be
identified: reductiorof rotation length and reduction of stand density. While the former allows
for a reduction of the time of exposure to drought events (Spiecker, 2003; Bréda and Peiffer,
2014), the latter reduces the water demand (Aussenac and Granier, 1988). Indedhat;ttbe r

of stand density causes a reduction of the leaf area @raidd995), which decreases intensity

and duration of water deficits, and increases water availability for the remaining trees (Spiecker,
2003; Breda and Badeau, 2008). As water spp@itamitigated, the growth recovery of trees is
improved (Schmittet al, 2020). Second, the increase of stand diversity can promote the
development of more stable forest stands able to hedge from climate fluctuations and
disturbances. This transitionadaptation strategy can be implemented by mixing the current
species of the stand with one or more introduced species, as a means to foster tree
complementarity (Forrester, 2014). However, an improper mixture can also have some adverse
effects such as ancirease in the competition for water resources (Grossial 2014; Bonal

et al, 2017). Another possibility is to keep the current species while modifying the structure of
the stand by mixing different diameter classes (or age). This strategy hasdwegated with
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increased wind resistence (Hanewindtehl, 2014) and greater resilience to natural hazards
(Jacobsen and Helles, 2006). Third, a possible transformational adaptation can be the
substitution of the current species by a more suitablendmeh can be more drougtdlerant

and/or more productive (Keskitalo and Carina, 2011). It is likely that some geographic areas will
become favourable to the establishment of species not present initially and/or unsuitable for
historically present speci@glartin et al, 2015). However, adaptation efforts can increase the
vulnerability of oneself and others (instead of decreasing it), an issue known as maladaptation
T2ATAA 2. ¢ To%étbal, 2094). InsErakckGan be another strategy bingremd

thus reallocating risks (Raviv, 1979). The principle consists of transferring the risk from the
insured to the insurer: The forest owner receives an indemnity in case of disaster occurrence, in
exchange for the payment of an annual insurance pnenfiumost of the European countries,
forest insurance contracts are available for storm and/or fire risks. Recommendations are made
to use insurance as a vehicle to finance climate resilience and adaptiéieoGlopal Agenda
Council on Climate Chan@®{4)the Organisation for Economic Cooperadioth Development

(2015) the United Nations Framework Convention on Climate Change (Article 4.8 of UNFCCC),
and the Kyoto Protocol (Article 3.14)

Forests play a major role in climate change mitigation thraagbon sequestration via
ATARAAE ALTACA — - AATAAA ethal 201G)AIAcekE Aqrests coAtatni8Ya o ©

all aboveground carbon and 40% of the belowground terrestrial cadal@6 GT of carbon),

of which 14% is in temperate foregDixonet al, 1994). Coping with climate changtated

risks can simultaneously mitigate climate change by maintaining or increasing these carbon
stocks. Moreover, regarding carbon stocks in forests, there is a growing concern about how this
mitigationcapacity can be maintained as water availability decreases (@taj€2007) and

drought risk increases (Locatellial, 2010; Kolstroéret al, 2011). Choat al (2012) observed

that droughtinduced forest diebacks are occurring not only in ragibns, but also in wet
forests typically not exposed to this type of risk. Longer droughts and higher temperatures can
negatively impact the carbaimk role played by forests (Alletral, 2010) and even turn forests

into carbon source®q, tropicalforests) (Choagt al, 2012). Therefore, mitigation of climate
change is not possible without adaptation. Finally, in a context of international agreements where
the forest sector is considered an essential lever to achieve climate goals (&oddiraoil),

the French government has made several commitments, including the Paris Agreement and
attaining carbon neutrality by 2050. These commitments are thus part of French forest and
timber program objectives (PNFB, 2Q026) that aim at decreasing tinecertainty related to

climate change while promoting a more dynamic and sustainable silviculture; one that increases
the carbon storage capacity of the French forest stands and contributes to the economic growth
of the forest sector.

Research questionsrad objectives of the thesis

In a context where forest management has become a way to mitigate increased drought risks
resulting from climate change, where public requirements in terms of carbon storage has become
more stringent, and where environmental @amms are increasing, many questions aise:

there an economic interest for forest owners in implementing adaption stra@yes&re the
effective adaptation options to face a projected dronghted risk? What are the costs and the
benefits of thesrelevant adaptation strategies? How do these strategies differ in terms of carbon
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sequestration? Is a forest insurance contract against drmayitied riskof forest dieback
effective? The objective of this thesis is to try to answer these questions.

More specifically, this thesis aims at (i) testing and compare different managesezht
adaptation options for drought reduction in forests in order to avoid projected risk of dieback,
both in terms of financial balance supported by the forest ownerhandatbon balance
supported by the society, and (ii) proposing a new madged adaptation option in the form

of an insurance contract against drougiuluced rislof dieback

In the literature related to the first objective of this thesis, few stuaiestaickled the issue of
adaptation to climate change using a forest economics approach. Such studies have typically
performed a codbenefit analysis through the maximization of the net present value (NPV) or
Faustmann's land expectation value (LEVhihdontext, several strategies are then analysed.
Brunette et al. (2014) showed that the shift to bettatapted species to climate change
maximised LEV in a case study in France. The species mixture in Germany was analysed by
Yousefpour and HanewinkeD(). They demonstrated that a balanced decision can be found

by establishing beech regeneration in 46% of Norway spruce stand and storing 39.5 kg/ha
carbon in forest biomass to adapt to future climate change. More recently, Bréda and Brunette
(2019) focusd on the reduction of rotation length in France as a potential adaptation strategy
towards a droughinduced risk of Douglds dieback. They compared three different adaptation
strategies (absence, immediate, and delayed adaptations) and showed pkatiomda
(immediate or delayed) gives always a better economic return than the absence of adaptation.
This short literature review reveals that past articles always focused on one strategy at a time.
Only Jonssoet al.(2015) compared different adaptatgtrategies against storm risk, but none

of the papers analysed combinations of adaptation strategies. Birwlugletd riskof forest

diebacks often overlooked in economic analyses even though it is one of the most damageable
disturbances for forests. Ttwe best of our knowledge, only one article deals with the drought
induced risk of forest dieback (Bréda and Brunette, 2019). Moreover, in this context of climate
change, few studies have considered carbon loss in addition to economic loss (Yousefpour and
Hanewinkel, 2014; Mullet al, 2019), and climate scenarios are rarely considered.

The literature related to the second objective of this thesis deals with another strategy, forest
insurance. Holecy and Hanewinkel (2006) were the first to propose anacnhodel serving

as a basis to calculate premiums to insure German forest against single or cumulative damaging
factors. They highlighted the main role of the stand age and the total insured area in the
computation. Several studies followed with theesapproach and similar conclusions (Pinheiro

and Ribeiro, 2013; Brunett® al, 2015; Sacheliit al, 2018). A second stream of literature
appeared with theoretical studies, which extended the classical insurance economics model
proposed by Mossin (1968ith the specificities of the forest management issues (Brunette and
Couture, 2008; Brunettet al, 2017). Another part of the literature deals with the estimation of

the willingness to pay (WTP) for forest insurance. Brueéeté (2013) were the Bt to assess

the WTP for French forest owners in different scenarios regarding public compensation, and
proved the negative impact of these compensations on WTPs. Several papers follow and estimate
this WTP for foresters in China ([2aial, 2015; Qiretal., 2016), USA (Demg al, 2015) and
Germany (Sauteet al, 2016). Finally, a recent study proposed to extend the classical forest
economic model setting, the Faustmann optimal rotation model (Faustmann, 1849) under risk
(Reed, 1984), to the insurarafestorm risk in forest (Loisek al, 2020). The results suggest

that as the insurance coverage increases, the rotation length increases as well. No forest
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insurance contract worldwide proposes to insure dreunghiced risk of forest dieback, and this

short literature review highlights that no investigation is currently carried out in this area.
Indeed, in Europe, forest insurance markets are focused only on storm and/or fire risks.
Traditionally, insurance against drought risk was applied for agr&uléector through
insurances based on meteorological index (Halcrow, 1948; Dandekar, 1977). This type of
insurance seems to be relevant for forest sector as well.

Finally, risk management implies minimising the risk and generally comprises three rpgjor ste

risk analysis or risk assessment, risk handling, and risk control (Haneetiake2010). More
specifically, the first step includes the calculation of the cost associated with potential damages
(divided into risk identification and risk evaluatiofhe second step entails putting this
calculation in relation with the management actions to be taken into account. The last step
consists of the evaluation of the efficiency of the measures adopted to reduce the risks. While
many studies evaluate the tsosf damage (assessing risk probability and severity of damage)
and provide prevention actions, only a few of them evaluate the effectiveness of adaptation
strategies. Aditionally, Fouqueray and Frastataste (2020) highlighted that mitigation and
adatation studies underuse social sciences in forest research, and that social sciences can
complement experimental sciences in climate studies led by forest researchers. This thesis is
undoubtedly a step in this direction.

Description of the chapters
The thesis is composed of four chaptedsich are presented in Table 1.

Table 1: Overview of the thesis organization.

Economic comparison of different adaptation strategies
Management Extreme drought\ents + Windstorm
based adaptation| Reduction of | Initial density | Species Diversification
(financial balance| rotation length|  reduction | substitution (composition and structure
and carbon
balance) Chapter | Chapter I Chapter Il
Market-based Extreme drought events
adaptation Insurance
(financial
balance) Chapter IV

The objective of the first three chapters watest and compare different managervigaged

strategies as potential adaptation means for reducing drowdyited riskof forest dieback

from an economic perspectiv€he economic costs and béts of managemeiiitased
adaptation strategies were analysed from a private forest owner's perspective (financial balance),
while considering the impact of these strategic decisions on carbon storage (carbon balance). The
analysis was based on two casdiss involving beech species in France. Indeed, beech is one of
the most widespread species in France, and repeated drought events are expected to cause a
decline in beech productivity in the near future (Cheatral, 2010). In terms of methods, several
forestgrowth models were combined with an economic approach. The outputs efrongkt
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modelsserved as inputs for the economic approach. The-fm@sth models allowed for the
simulation of forest growth as well as aboveground and belowgrourmh daalance. While
A-AT¢ ¢1.%T Afpe AACY, "2A3A; 2" AEAA -AA %LAAT A2y 12y,
and Pignard, 2001). In order to account for climate change uncertainty, two different scenarios
were considered, namely the representativeerdration pathways (RCP) 4i%(,the most
optimistic scenario) and 8.h€(,the most pessiistic scenario) (IPCC, 201Bpsses due to
droughtinduced rislof forest diebaclvere examined from a strictly financial standpoint and in
terms of carbon seestration. Different adaptation strategies were compared and combined.
The three chapters differed in the tested adaptation strategies, thegforetst models used,

the economic evaluation performed, and the way the economic value of carbon sequestratio
was assessed.

Thefirst chapter focuses on the case study of beech forests in the Burgundy region. Burgundy
is a highly afforested French region, where deciduous forests have suffered from many diebacks
in recent years. During stand turnovers, foresteywmave gradually replaced native species

with more productive and valuable species such as Ddéuglad adopted a more dynamic
silviculture as a means to compensate for future climate change damage, avoid financial losses,
and respond to a growing dand for timber (Da Rone al, 2016). However, other adaptation
strategies exist and can be considered. To this aim, two incremental adaptation strategies,
reduction of rotation length and reduction of the initial stand density, were tested with the
subgitution of beech by Dougléis (transformational adaptation). Two levels of drought risk

were considered based on two levels of soil water capacity: intermediate and low. A process
based foresgrowth model, known as CASTANEA, was combined with aotmadtiforest
economic approach through LEV. CASTANEA is a mechanistic model for simulating the
functioning of the principal managed European tree speciesefCalyi2005; Dufrénet al,

2005). The model simulates the main stocks of the forest ecogyetecarbon, water, and
nitrogen) both aboveground and belowground. It integrates the risk of mortality related to water
stress (Davi and Cailleret, 2017) and takes the specificity of each species into account. The outputs
of CASTANEA.€, timber prodation and carbon sequestration) were used to provide an
economic comparison of the adaptation strategies under study. The economic analysis was
conducted using both the Faustmann model and the Hartman model. Faustmann's LEV takes the
costs and the benefifsom timber harvesting into account, whereas Hartman's LEV also
considers the benefits from amenities, in our case carbon sequestration. Benefits from carbon
sequestration were computed using the social cost of carbon. The maximization of LEVs showed
that 2u2AA2A°A; AAACoufp Arq 39AA T A A% ATAEA:- 2A AAA
AR — A"qi2A°At A¥zoso;  AAA2A| oA 2AAT2ATu 2A 2 AT%
droughtinduced risk of forest dieback. Indeed, substitution with Defiiglaembined with a

reduced initial density and a reduction of the rotation lengthtiie combination of the three
adaptation strategies considered) was the best strategy under both levels of drought risk and
both climate scenarios. From an econonandgioint, the combination of different strategies

was therefore more beneficial for the forest owner than each strategy separately {®/nergy
additionality). Finally, beneficial scenarios from an ecological perspective were not necessarily
beneficial ireconomic terms andce versaln this chapter, CASTANEA model was used for the

first time for the purpose of forest management. Although it worked well, the architecture of the
CASTANEA model did not make it possible to compute intraspecific {aged®nests) and
interspecific (mixture of species) mixed stands.
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In thesecond chapterMATHILDE, a distanaedependent individuddased model, was used to
study diversification, a transitional adaptation, as a potential adaptation strategy to-drought
induce risk of forest dieback. The second chapter focuses on the case study of beech forests in
the GrandEst region, which is another highly afforested French region. Beech and oak species
are frequently coccurring species, and mixed forests of beech &at@@ommon in Europe
(Pretzschet al, 2013). Moreover, oak is more drodigiérant than beech (Scharnweletal,
2011) and can increase drought resistance and resilience of beech due to interspecific facilitation
(Zapatert al, 2011). Two typesdi¥ersification were tested: mixture of beech species with oak
species (under different proportions of mixture) and mixture of different tree diameter classes
(i.e.,unevenaged forests), which has never been analysed as a potential adaptation strategy.
MATHILDE was combined with a traditional forest economics approach using LEV. MATHILDE
is a treelevel model for simulating both evaged and unevesged managed stands as well as
pure and mixed stands of beech and sessile oak in Northern France (Fdvtemand2016).
The model was implemented in the CAPSIS platform (Bkifoualskiet al, 2012), which
contains a carbon accounting tool (CAT, Pichaneiudl, 2018). CAT allows for the
representation of complex emission life cycles inherent to maragst$.f Simulations were
performed under different recurrences of drought events that are a consequence of climate
change. The outputs from MATHILDE (timber production) and CAT (carbon sequestration) were
used to provide an economic comparison of the attapstrategies. MATHILDE is designed to
simulate forest growth in a stochastic manner using the Monte Carlo technique. Both
2EAAY2s oA 2o 2AA%2, A "TACATAc2e AECA23% T CAA nTATAROs
stochastic framework: The devmitent of the sealled doubleveighted LEV allowed for the
approximation of expected LEVs. The analysis of the impact of adaptation decisions on carbon
sequestration was developed by considering three different @rbounting methods.€.,
market valugshadow price, and social cost of carbon). The maximisation of thewleigihied
LEV criterion led to the identification of the best adaptation strategies from an economic
perspective. The results showed that while diversification reduces the logeimnvolume due
to droughtinduced riskof forest diebacland increases LEV, it also reduces carbon storage.
Therefore, tradeffs between the financial balance and the carbon balance need to be
considered. With regard to timber productioa,(volume hevested) and economic value (LEV),
a combination of different strategies can be more beneficial to the forest owner than each
strategy separately.€.,synergistic effects)

The two first chapters focused on droumitiuced risk, although forest stands t& affected

by several hazards during the same rotation. Indeed, in France, drought and windstorm are the
two main damaging abiotic risks (Rouailtal, 2006; Bonnesoewt al, 2013). Therefore, in

the third chapter, the cumulative impact of both dght and windstorminduced risks was
investigated. This is the first study investigating these two risks simultaneously, having
independent recurrences, from an economic standpoint. This analysis was based on the case
study (beech forests in Grakgt) andmethods (MATHILDE and CAT simulations to compute

the doubleweighted LEV and three accounting methods of carbon) already used in the second
chapter. The same adaptation strategies were considered as well, since diversification can also
be suitable to copeith windstorm damage (Mason and Valinger, 2013). Simulations were
performed under different recurrences of drought and/or windstorm risks. The general results
were identical considering drought and/or windstorm risks: Diversification increases timber
production and LEV, but reduces carbon storage. The two risks as well as the adaptation
strategies showed some synergies in terms of timber production and economic value (LEV).
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However, the maximisation of the douteighted LEV criterion showed that coasity both

risks affects the conclusions and recommendations compared to investigating each risk
separately: The best scenario depended on the climate scenario, the risk(s), the discount rate,
and the carbon price considered. Finally, the results shostedhilteoffs between the financial
balance and the carbon balanae @daptatiorvs.mitigation) are possible.

The first three chapters focused on forest adaptation through the change of silvicultural practices
(i.e., managemenbased adaptation), comming different strategies at the regional scale.
Another way to help forest owners cope with drourghticed risk of forest diebacks is through

the development of forest insurance contraet (narketbased adaptation). Insurance is also

part of soft adptation strategies (World Bank, 2010). Therefore, the lagbartd chapter
proposes to extend indéased insurance policies to the coverage of economic losses due to
droughtinduced risk of forest dieback at the national scale. The effectivenesgrarici
contracts in smoothing income fluctuations was studied by simulating annual productivity levels
of two species commonly found in French forasts, beech and oak. Simulations were
performed using CASTANEA, fed with the reference climate20B®0from the SAFRAN
reanalysis system (Vidgtlal, 2010). Different indices with differentiated complexity levels were
tested and compared. These include simple indices based on cumulative rainfall such as the
standardized precipitation index (SPI) alt amore complex ones based on water stress such

as the soil water stress index (SWS) (Guilleshail, 2017). Simulations were performed to
calibrate various insurance contracts. Insurance schemes were optimized and tested. The results
showed that whd the optimal insurance contracts yield low gain on certainty equivalent income
(CEIl) and high basis riskeg.,lack of correlation between income and index realisation) they
compensate for a significant part of the losses. The best contract was naiopeddo the
complexity of the index. Finally, our preliminary results did not show any clear advantage of
differentiating insurance contracts based on tree species. Results highlighting the various
perspectives of this first approach are discussee ainith of this chapter.

The abowvelescribed chapters provide a first economic approach of forest adaptation to drought
induced risk of dieback, developed in more details as following.
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Abstract

Drought is a source of stress that affects forest growth, resulting in financial losses for forest
owners and amenity losses for sociBtye to climate change, such natural events will be more
frequent and intense in the future. In this context, the objective of this paper is to compare, from
an economic perspective, different forest adaptation strategies towards a-ardugbd risk

of dieback. For that purpose, we focused on a case study of a beech forest in Burgundy (France)
and we studied several adaptation options: density reduction, reduction of the rotation length,
and substitution with Douglds. We also considered two levelslafught risk (intermediate

and low soil water capacity) and two climate scenarios from the IPCC (RCP 4.5 and RCP 8.5). We
combined a proce$msed foresgrowth simulator (CASTANEA) with a traditional forest
economics approach. The results showed thatattan provided the best economic return in

most of the scenarios considered. Combining strategies appears as a relevant way to adapt forests
in view of a droughinduced risk of forest dieback. We also demonstrated the importance of
considering two digglinary fields. Beneficial scenarios in an ecological perspective were not
necessarily beneficial in an economic onevaedversa

Keywords: Forest; Drought; Adaptation; Climate change; Economics; Risk; Carbon; CASTANEA
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1.Introduction

Drought is tle principal source of stress that limits forest health (Zierl, 2004), even if drought
induced impacts on forest health have been underestimated for a very long time due to
inconspicuous damage at first sight (Spiecker, 2003). A drought occurrence $ranslate
economic and social losses. Indeed, forests play a role in wood production but also offer many
ecosystem services such as carbon storage, preservation from soil erosion and biodiversity. In
parallel, droughtnduced tree dieback is significantly@asing worldwide (Bréda and Badeau,
2008), even more with climate change that is increasing the frequency, duration and intensity
of extreme events (Dat¢al, 2001).

Human interventions also affect drought through silviculture. Indeed, sustainalsie fore
management is needed to maintain the resilience of forest ecosystems and to cope with climate
threats such as drought (Bréda and Badeau, 2008). In fact, forest owners can protect their forests
through adaptation and several strategies seem to be tell $or adapting forests to
increasing risks of drought. Some examples of these measures include the reduction of rotation
length or stand density, as well as shifting to species-bdtipted to drought (Spittlehouse and
Stewart, 2003).

In this contextyve can therefore ask ourselves what the relevant adaptation options are, from an
economic perspective, to deal with the drouigihticed risk of forest dieback. We thus propose
an analysis of the economic costs and benefits of adaptation for foresttowinerdrought
induced risk of dieback.

In the literature, few studies have tackled the question of adaptation to climate change using a
forest economics approach. Such studies have typically performeldemefisanalysis through

the maximization of # net present value (NPV) or Faustmann's land expectation value (LEV).
In this context, several strategies are then analysed. Hanestink¢2010) and Brunetigt al

(2014) studied the shift to bettedapted species. The first paper deals with tfisinf Norway

spruce to European beech in Germany, while the second one deals with a change from Norway
spruce to Douglds in France. Whereas in Germany adaptation seems to correspond to financial
loss, in France it seems that conversion to Dofiglagy be a source of profit for the forest
owner. The species mixture is analysed in Yousefpour and Hanewinkel (2014) with the question
of admixing beech into a Norway spruce stand. They found that the best solution in economic
terms is to establish beeclyemeration in 46% of the Norway spruce area. Bréda and Brunette
(2019) focused on the reduction of rotation length for Dafiglas France as a potential
adaptation strategy towards a drougiduced risk of forest dieback. They showed that
adaptation islways preferable in economic terms for the forest owner.

This short literature review reveals that past articles always focused on one strategy at a time.
They never compared different strategies or analysed combinations of them. An exception is
probablythe study by Jonssaat al (2015), which compares different adaptation strategies
against storms. However, the methodology is different and based on the impact of adaptive forest
management on productivity and sensitivity to storms. Another obsenatioat ionly one

article deals with the drougiriduced risk of forest dieback (Bréda and Brunette, 2019). Finally,
climate scenarios are rarely considered.

The objective of this paper is to carry out an economic comparison of different adaptation
strategis to fight against the droughtduced risk of forest dieback. For that purpose, we
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adopted an original approach that combines CASTANEA, a-pasms$orestjrowth model,

with a classical forest economic analysis. CASTANEA is a mechanistic modéafmmgsihe
functioning of the main managed European tree speciesetl2dyv2005; Dufrénet al, 2005).

The model simulates the main stocks of the forest ecosystem (carbon, water, nitrogen)
aboveground and belowground, at time steps ranging fronamdldur to a century. Only a
mechanistic model can precisely simulate forest growth in reaction to drought and climate
change, as well as the impact in terms of carbon sequestration. CASTANEA was chosen because
it is the only model that simulates bothbmar sequestration (Dagi al, 2006) and tree growth

(Daviet al, 2009), while integrating the risk of mortality related to water stress (Davi and
Cailleret, 2017) and that takes the specificity of each species into account, contrary to global
models. Wesimulated forest stands according to different adaptation strategies (density
reduction, reduction of rotation length and species shift) under two climate scenarios from the
IPCC (RCP 4.5 and 8.5) and for two levels of drought risk related to a viexiatibrwater

capacity (intermediate and high). We then used the outputs of CASTANEA to provide an
economic comparison of the adaptation strategies. We performed a classical forest economics
analysis based on Faustmann's formula and Hartman's formulamians LEV takes the costs

and the benefits from wood harvesting into account, whereas Hartman's LEV also considers the
benefits from amenities, in our case, carbon sequestration. The maximization of these criteria
showed that adaptation provided the bBStA ¢ A%°" ATAAEA:« 2A AAAAATH AA ALy
GAATos — ATfi2A°AT s uTTue Afidecombindd Eith AeduBcdfiditialiddnsiy 2 A
and a reduction of the rotation length was the best strategy under both levels of drought risk and
both climate scenarios. From an economic perspective, the combination of different strategies
was therefore more beneficial for the forest owner than each strategy separately (@/nergy
additionality).

These results are discussed with regard to the findnatéadce and the carbon balance. The rest
of the paper is structured as follows. The material and the methods are presented in Section 2.
Section 3 provides the results. The results are discussed in Section 4, and Section 5 concludes.

2. Material and methods

2.1 Some definitions

2.1.1Characterization of drought and risk

“TAAp°e, AA Arg T bb °e WAAE A °A uT-ocfu 2A -2 A
precipitation is significantly below normal recorded levels and that causes significant
hydrological in$2%2¢ A A12A 2Aq pTAA°%T¢A2% AA AEAAT%A A %2
precisely, from the ecophysiological point of view, drought is a reduction of the soil water reserve
sufficiently severe to prevent the optimal functioning of trees due todinifforecipitation,
high temperature and large water uptake by trees. The definitions of drought vary greatly from
country to country, but the literature identifies four different types of drought, including the
edaphic (or agronomic) drought that is partarly of interest to us since it refers to the soil and
to the impacts on living beings.
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The precipitation regime is the first determinant in the development of a state of drought. It
results from a pluviometric drought, which is a prolonged rairgéttilcompared to the mean

or median (that is the normal state). However, drought also depends on the evapotranspiration
level that is closely related to the temperature and atmospheric drought. The estimation of the
water balance makes it possible torgethe conditions under which precipitation distribution,

soil water reserves and losses by evapotranspiration or drainage induce a negative effect on trees,
referred to as water stress. According to Lebourgeas (2005), water stress is the most
important concept for the forest manager since water is the determinant of good stand health.
We use the available water content (AWC) to illustrate this water stress.

According to Crichton (1999), drought risk can be described in terms of three compuoments: t
hazard, the stand exposure to the hazard and the stand's vulnerability. The hazard is
characterized by its intensitiyg(, the magnitude of the phenomenon), its severity (linked to the
duration of the phenomenon), and its frequeney the probabity of damage). Exposure is the

level or the conditions at which the stand may be in contact with the hazard. It is a function of
the geographical location and the physical context, which can limit or accentuate the lgazard (
compact and shallow soil$julnerability refers to the internal characteristics of the stand,
influenced by species ecology, soil characteristics or stand density. It shows the extent to which
the stand is likely to suffer from damage related to the hazard. Consequently, ihdakes t
sensitivity of individuals to the effects of a hazard into account, as well as their ability to resist,
adapt to them, and to return to the baseline situatien (esilience) (UNEO, 2007). A hazard
(which is only a natural process) becomes a natistalonly when there is an interaction
between the hazard and the population, goods and activities affected évalr2013). The
natural risk therefore implies the perception of this hazard by the population and, subsequently,
its management (for cabitation with the danger) (Veyret al, 2013). Adaptation strategies

will consequently play a role on vulnerability through the implementation of asasteg
silviculture.

The impacts of drought may be classified as biological or socioeconomaatéguanes of
biological impacts can be distinguished: accommodation through changes in physiological
functioning (Bréda and Badeau, 2008; Matesanz and Valladares, 2014), in phenology or in tree
growth (Solberg, 2004; Matesanz and Valladares, 2014);cgadeafitation (de Miguet al,

2012); and migration and tree mortality (Spieekerl, 2004; Galianet al, 2011; Galiaret al,

2012). The biological impacts begin at the tree level, which result in impacts at the stand level,
which, in turn, resultn impacts at the ecosystem level. Thus, at the stand level, loss of growth
proportional to drought intensity induces loss of productivity, whereas at the ecosystem level,
drought reduces most of the biological cycles that affect the functions of trenfbteat lead

to a loss of ecosystem services, mainly wood production and carbon sequestration (Maroschek
al., 2009). In terms of soegconomic impacts, drought generates financial losses linked to the
current value of felled timber resulting frone tloess of marketability, a decrease in future stand
value, the additional cost of forest restoration, and the loss of hunting and other regular income
(Birot and Gollier, 2001). Additionally, drought is also linked to the loss of carbon sequestration,
which generates financial and social losses, as well as the loss of other amenities such as
recreation (Thuriget al, 2005).

These impacts are likely to be intensified in the near future due to climate change. Indeed, climate
change is a global phenomenon @uan anthropogenic cause: the increase in the atmospheric
concentration of greenhouse gases, the most important of which is carbon dioi{é (I
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2013). Climate will thus evolve towards an increase in average temperature, an escalation in the
differences between wet and dry regions, a decrease in water availability, and an increase in the
frequency and the intensity of extreme events such as severe drought (Spiecker, 2003). However,
increasing Cg&can also limit the drought effect by increasingathter use efficiency of plants
(Daviet al, 2006; Keenaat al, 2013).

2.1.2 Adaptation strategies

In order to try to limit the increasing impacts of drought, several adaptation strategies can be
identified. We chose to test two main adaptation gfiegeaccording to their importance in the
literature and according to the classification of soft and hard adaptation sttafiegiedy the

World Bank (2010): Xithe reduction of rotatiomength (soft adaptation); and )(ispecies
substitution from beécto Dougladir (hard adaptation). These two strategies are analysed
separately as well as jointly, and in combination with a third strategy, density reduction (soft
adaptation).

First, the reduction of rotation length reduces the time of exposure toightievent and the
vulnerability of trees due to aging (Spiecker, 2003; Bréda and Peiffer, 2014). Young and old trees
are the most vulnerable to drought (Archaux and Wolters, 2006): Special attention must
therefore be paid to the establishment of youegstand to avoiding long rotations.

Second, the introduction of drougbterant species and provenances reduces the aerial carbon
balance, while using the same forest area (FAO, 2011; Keskitalo and Carina, 2011). Moreover, it
would be preferable to intrade secalled transitional species or varieties, species able to

thrive in both the current and projected future climateg,(pine, DouglaBr, Robinid.

Third, the reduction of the leaf area and, therefore, of the stand density, improvestdreceesi

of forest stands to the lack of water (Archaux and Wolters, 2006; Bréda and Badeau, 2008),
reduces the intensity and duration of water deficits, and increases water availability (Spiecker,
2003). This results in an increase in initial planting sf@peecker, 2003) and more intensive

and earlier thinning (Spiecker, 2003; Keskitalo and Carina, 2011) in order to stabilize and thus
protect stands.@, to have a continuous forest cover and to protect it from all hazards) (Spiecker,
2003; Bernier and choene, 2009), to take advantage o$ fé@ilization to maximize and
accelerate growth (Bernier and Schoene, 2009), to increase resistance and resilience to future
damage (Kerhoulag al, 2013), and to stimulate the growth of trees remaining afteugturo
(Kerhoulaset al, 2013).

2.2 Case study

2.2.1Case study area: Burgundy region

Burgundy is a rural region and one of the major forest regions in France in terms of afforestation
(30% afforestation rate), which has increased over the last 30 lgdaas.a great geographic
(from valleys to mountains) and geological diversity. Its contrasted climate is of the Atlantic type

4 Soft adaptation consists of measures that are desirable, even in the absence of climate change, with soft and
progressive change, while hadhptation implies greater and more brutal changes to adapt the ecosystem.
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with rainfall spread out throughout the year, ranging from 600 mm (Loire valley) té18500

mm (Morvan peaks), average tengiares between 9.5 and 11.5°C, events of snow and frost, as
well as frequent late frosts in May. However, biotic (pests and pathogens such as canker and bark
beetle) and abiotic factoms.§, late frosts, repeated water deficits, soil compaction duesb fo
mechanization) threaten the health of forests. Burgundy forests are characterized by private
property (68% according to IGN, the French National Forest Inventory), a primary function of
production, and a dominance of deciduous trees except in thanMiodeed, beech and oak
represent 90% of the forest areas. However, these two species are sensitive to summer water
deficit and many beech diebacks can be observed, which may be amplified by a weakly dynamic
silviculture. This is why, during the turnowar Burgundy stands, deciduous forests gradually

shift to forests with more productive and valuable species such as Biouglasder to
anticipate future climate changes and to thus avoid financial losses, and to respond to the
growing demand for woodjjith a more dynamic silviculture. Beech and Dotglato produce
commercially highklyalued wood in Burgundye., their annual production is 221,008 amd

898,000 n¥, respectively, in private forests.

2.2.2 Species of interest

Beechagus sylvatal..) is a natural species representing 15% of the forest production area in
France. It is a typical shattgerant species, requiring a certain degree of atmospheric humidity
and sufficient soil moisture (Lageal, 2015), which can barely tolerate@me conditions, as

well as spring frosts (Godreau, 1992). More precisely, it is the climate criteria (annual
distribution of precipitation and temperature) that determine the presence or the state of health
of beech, rather than soil conditions (Godre®192). However, due to climate change, this
species could decline or even disappear (Cleral, 2010). Indeed, the increase in the
frequency and intensity of spring droughts and heat waves has already negatively affected the
annual growth of beechetes (Latteet al, 2015). Damage can lead to the death of beech when
the proportion of dead aerial biomass exceeds a threshold of&8fe(centage of foliar deficit
reached) (Chakraborst al, 2017). This mortality is directly related to the aviailabf water

and light resources, as well as to the increase in neighboring interactions and in the diversity of
tree species (Chakrabodial, 2017).

Overall, distribution in France is limited by temperature for Mediterranean species and by water
suply for northern species as well as deciduous species (beech, oak) and coniferdfifDouglas
spruce, fir). This is why the hydric constraints in the northern half of France cast doubts on the
existence and the production of these latter species, palyidodgech that has had many
diebacks on superficial soils with low water reserves. Substitution with a species that is more
productive under a dry climate and more valuable, such as Dbhygtaems to be a better
economic solution, as suggested by keaté (2015) for the regeneration of old beech stands. In
addition to this, with the interest of the French public authoriigs the National Forest Fund

in France during the period 192600) and some professionals (builders, wood producers,
furniture industries) in the rapid growth, the lower cost of production and maintenance, and the
standardized sawing techniques of conifers (pine, fir), the demand would be based on an
accelerated national production of conifers. Sincehinas of the Frenclofest is composed of
deciduous trees, the transition could be backed by a lesscaageming silvicultural system,
which is linked to the subject of our study.
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A native of western North America, DoudilagPseudotsuga menzidéiirb.) is an introduced
species valued by forest managers for its rapid growth and the quality of its wood (Det Ronch
al., 2016). It appears to be able to provide significant wood production under a relatively dry
climate (Eilman and Rigling, 2012; Da Ratchl, 2016). Howeer, despite all these qualities,
Dougladir is more sensitive to high temperatures due to its high leaf aesas{rong
transpiration) than to droughts. This explains the damage reported in France after the drought
in 2003 (because of its combinatwith a heat wave), in particular in the Burgundy region
(Sergentkt al, 2014). Moreover, although Douglas described by some authors as a dreught
resistant species (Eilman and Rigling, 2012), it does not seem to-&daaptt to the range

and accmulation of intense and recurrent episodes of drought after a severe one, which could
be explained by a lack of resilierecg, after the drought in 2003 (Sergettal, 2014).

Beech and Dougkis are both mesophilous species, species that groin habitats that are

neither extremely dry nor extremely humid (ONF, 1999). They prefer mountainous areas due to
their high requirement for atmospheric moisture, although they are present in the plains. They
are therefore sensitive to heat. Dougilagndbeech have the same skewed and moderately deep
rooting, but with different transpiration control during drought (ONF, 1999). Indeed, beech has

a higher midday soil water potential and, consequently, a higher sensitivity to drought compared
to Dougladir (ONF, 1999; Pierangelo and Dumas, 2012). Additionally, deciduous trees have a
higher demand for available water content than conifers (ONF, 1999): Beech therefore consumes
more water reserves than Dougfasn summer. However, edaphic drought can beaagged

by the existence of a high evaporation deingimally, Bréda and Bad€@008) confirmed that

the development of beech is dependent on water balance and drought, whereas for species such
as Douglaér, its development is mainly related to temperat supporting our suggestion to
substitute beech with Douglas

2.2.3 Study scenarios

For this study, we chose to test two levels of drought risk defined according to the level of soil
available water capacity (AWC). Three levels of AWC were @ahsid#®, 100 and 50 mm.

These levels were chosen according to the range of AWC of current beech stands in Burgundy.
The level of 150 mm represents optimal water conditions for beech growth, 100 mm is the initial
risky scenario with onthird less of the dseline level of water availability for trees, and 50 mm

is the second risky scenario in which the water availability is below 40% of the baseline. This
threshold of 40% of the maximum AWC represents the conditions under which beech starts to
regulate wateconsumption and thus has difficulties to grow and survive (Lebousgealis

2005).

With respect to the uncertainty of future climate, the consequences of the two extreme climate
scenarios from the IPCC were analysed: RCP 4.5 and RCP 8.5 (IPGR@13)epresents

the most optimistic scenario, and RCP 8.5 represents the most pessimistic one (higher
temperature, higher CO2 concentratiett). All of these elements result in [(2 baselines + 7
scenarig x 2 drought risks) x 2 climates], which isuafito 32 scenarios. The two baselines and

the seven scenarios are summarized in Table I.1. The scenario is indicated by the following code
for the benchmark (AWC of 150 mm): Baseline_Species (B for beech or D foffiouglas
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The scenario is indicateg the following code for both levels of drought risk (AWC of 100 mm

and 50 mm): Species (B for beech or D for DofiglaSilviculture (NA for no adaptation, DR

for density/rotation reduction and S for substitution). Scenarios for beech were composed of a
classical path (Baseline_B and B_NA) and three dynamic ones (B_DR1, B_DR2 and B_DR3)
representing the silviculture of the density/rotation reduction strategy. Simulations for Bouglas

fir were composed of a classical path (Baseline_D and D_S) reprdkergitviculture of the
substitution strategy plus two dynamic ones (D_S+DR1 and D_S+DR2) in order to test the
conbination of the two strategies.

Table I.1: The different scenarios considered and their distinctive code.

Code Scenario
Baseline_B Benchmarkcurrent beech stand
Baseline_D Benchmark, Douglds in current conditions

B_NA Beech stand without adaptation

B DR1 Beech stand with a reduced rotation length

B_DR2 Beech stand with an initial reduced initial density and rotation length

B _DR3 Beeb stand with a second reduced initial density and rotation length

D S Dougladir stand (substitution of beech)

D _S+DR1 Dougladir stand (substitution of beech) combined with a reduced rot
length

D_S+DR2 Dougladir stand (substitution of beechjrabined with a reduced initial dens
and rotation length

2.3. Methods

To compare the adaptation options to deal with the drendhbted risk of forest dieback, we

first simulated forest growth with different silvicultural treatments according to difésent
adaptation strategies, the three different levels of water content and the two climate scenarios.
The simulations were run with the CASTANEA model. The economic approach was then applied
to the outcome of the simulations.

2.3.1Simulation ofdrest growth and silvicultural treatments

CASTANEA requires three different files as inputs: the inventory file, the species file and the
weather file. First, the inventory file contains all the trees with their characteristics related to the
simulated stad. R software makes it possible to generate the list of all the trees according to soill
characteristics. The soil characteristics (height, stone catt)rdre directly linked to the AWC

and parameters of the managed stand (tree diameteetcAlSecond, the species file contains

all the speciespecific parameters that control the energy budget, growth (photosynthesis,
respiration), carbon allocation and water consumption (see Table 1.B1 in Supplementary
Material). Third, the weather file contathe climatic characteristics of the studied site (global
radiation, air temperature, relative air humidity, wind speed, precipitation). These georeferenced
data for current and future climates (RCP 4.5 and RCP 8.5) came from the Météo France network
for four different SAFRAN points of 8x8 km (3202, 3710, 4303, 5121), chosen to represent the
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variety of climates in Burgundy. All of the results for each scenario are then taken from the
average of the four SAFRAN points (see Figure I.B1 in Supplementaay) Mater

CASTANEA simulates photosynthesis and respiration to estimate net primary production.
Carbon is then allocated to six compartments following the allocation rules describeétin Davi
al. (2009) and Davi and Cailleret (2017): large roots, fine restsyves, leaves, branches and
trunks. Biomass growth in the trunk is converted into volume growth from the density of the
wood at the end of the year. This makes it possible to estimate growth in ring width and volume
on an annual basis.

Table 1.2: Chacteristics of the different silvicultural paths used for beech and Dinughésal
stand density (number of trees per hectare), regeneration mode (natural regeneration NR or
plantation P), number of thinnings and rotation length (years) (source. CRPF)

Scenario Initial stand Regeneridon  Number of Rotation
density(trees/ha) mode(NR or P) thinnings length(years)

Baseline_B 5000 NR 9 95

and B_NA

B_DR1 5000 NR 7 80

B_DR2 3000 NR 7 80

B_DR3 1000 P 6 80

Baseline_ D 1300 P 6 55

andD_S

D S+DR1 1660 P 3 45

D S+DR2 660 P 3 45

The annual output data were the volume of wood, the mortality rate, and the carbon sequestrated
into the forest stand. Risk of mortality by carbon starvation and hydraulic failure was assessed
according to Davi and Cailleret {Z0. For this purpose, we simulated rsiructural
carbohydrates ([INSC]) and midday leaf water potential. Hydraulic failure is computed when the
midday leaf water potential drops below the P50 of the species (leaf water potentials below which
50% of condutvity loss occurs). The threshold of mortality on [NSC] is estimated by fitting the
threshold to minimize the difference among simulated and measured annual mortality rates
between 2000 and 2015 once the hydraulics failure was computed. The mortalitgmesas

were taken from the French National Inventory on Burgundy.

The CASTANEA model simulated the forest growth of a stand of 1 ha through different
silvicultural paths starting from a 1g8arold beech forest in Burgundy from 2000 to 2100. The
silvicdtural paths arie from the CRPF (Regional Cerftar PrivatelyOwned Forests) of
Burgundy for both species. Table 1.2 presents the different characteristics of each silvicultural
path.

The seven silvicultural paths were simulated through three differ#@t(80, 100 and 150 mm)
that characterized the drought effect and two different IPCC scenarios (RCP 4.5 and RCP 8.5)
that characterized the climate effect.

-38-



CHAPTER |

2.3.2 Economic approach

Figure 1.1 illustrates, for one given IPCC scenario, the structurepplied methodology from
the simulation of forest growth to economic results. The resulting volume of wood for each
scenario (outputs of the CASTANEA model) was the input of the economic approach.

Figure I.1: Schematic representation of the methodugdptjgd: From scenario structure to
economic evaluation.

Our objective was to compare the 32 LEVs among scenarios. All the comparisons of LEV are
detailed according to Figure I.1 as follows (taking only one IPCC scenario into account):

-~y E°/M}and (LEV 1 with LEV 7): effect of drought.

- EcAz ° 2 gith LEV 8): effect of density/rotation reduction strategy.

-~y E°A: °2;u EoA1 > 2;u E°AL °f 1--1°A
strategy.

- with LEV 6) and (LEVwith LEV 10): effect of species substitution strategy combined

with that of density/rotatiomeduction.

First, the sum of an infinite number of rotations made it possible to calculate the land expectation
value, commonly referred & the Faustmann criterion in forest economics (Faustmann, 1849),
as follows:
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(1)

whereBis the benefit€Cthe costs; the discount rate) the stand ageé\ the raation length and
i the rotation number.

It is assumed here that the forest owner has a single objective: to maximize LEV. The infinite
horizon used by this criterion makes it possible to compare management options associated with
different temporal horiats, assuming that the silvicultural path was identical for each
subsequent rotation after the first one. In other words, each silvicultural operation (thinning,
maintenance, harvest) was implemented at the same age and for the same cost or benefit an
infinite number of times. This may be seen as a limit of this criterion. However, other existing
ones present greater limitations and are rarely adopted (Fetyds@990; Morel and Terreaux,

1995). Faustmann's LEV takes the costs and the benefits fronhameesting into account.

After discussion with forestry experts, a discount rate r of 3% was chosen. A sensitivity analysis
on this parameter was performadd is presented in Section.4.3

We also asked ourselves if the consideration of forest ecosgst@assmay impact the
economic results. In the context of mitigation of climate change, we chose to consider carbon
sequestration in particular. In fact, carbon loss is rarely considered in the literature in addition
to economic loss (see Yousefpour aamkeMinkel (2014) for an exception).

For that purpose, we also calculated Hartman's LEV, which makes it possible to consider the
benefits from wood harvesting and from amenities simultaneously (Hartman, 1976), in our case,
carbon sequestratién

The Hartmammodel was applied as follows:

1 ¢?5 1 C?5
ST S F % A
1 ok — —_
S8 ENPISL T | —Eimeg BN
ot a@t Uan a@4

_ %% (2)
'S E N &>&

whereB is the benefits from wood producti@ithe costs of the silvicultural treadmt, B sthe
benefits from carbon sequestration provided by the forest stinaddiscount rate) the stand
age N the rotation length antdthe rotation number.

The discount rate r was also 3% for beech and Defiigla®rder to be able to compare ISEV

To compute the benefits from carbon sequestration, we considered the additional sequestration

of the standing wood and we chose the social cost of carbon of 44 EUR/T (Watkiss and Downing,
bp °t 19 AA"°2% "AAA A. "2A3A; °A tof dahdgds gendraited by kadgh A A A2:

tonof CQ A12A oA AATENH °¢AA Arq 20A— 7 AE2Ap 2o ATA:TA py

value of avoided damage caused by the flow of carbon to the atmosphere in the case of potential

total deforestation.

5 See Couture and Reynaud (2011) for a short review of studies using Hartman's framework with carbon storage.
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Table 1.3:Stand density (number of trees per hectare), volume of wood (in cubic meters per
hectare) and associated net benefits from its production (in euros per hectare) for each
silvicultural operation for the beech benchmark (Baseline_B).

Baseline B RCP 4.5 R 8.5
Operations  Stand Volume of Net Volume of Net
(tree age)  density wood benefits wood benefits
(N/ha) (m¥ha) (EUR/ha) (m¥ha) (EUR/ha)
Maintenance (5 5000 24 -595 24 -595
Thinning 1 (15) 3000 106 -665 107 -665
Thinning 2 (30) 1500 170 852 168 841
Thinning 3 (35) 757 113 560 118 584
Thinning 4 (41) 523 104 483 111 514
Thinning 5 (49) 361 142 661 150 696
Thinning 6 (57) 249 168 1042 172 1067
Thinning 7 (65) 172 186 1437 185 1426
Thinning 8 (75) 119 210 2130 208 2114
Thinning 9 (85) 82 224 2781 219 2723
Harvest (95) 250 12524 249 12457

An example of silvicultural operations with associated net benefits from wood production is given
in Table 1.3 for the benchmark. The tables for the other scenarios are presented in the
Appendices.

3. Results

3.1 Forest growth and mortality

Figures 1.2 and 1.3 show the results of the simulations of the forest stand per scenario and per
RCP, in terms of growth (volume increment of wood in cubic meters per hectare) and mortality
(in perentage terms), respectively. Mortality was taken into account when computing volume.

In Figure 1.2, we can see that Dougjlabas the highest mortality rate compared to beech and

thus the baseline (Baseline_B). Adaptation does not affect mortality.isTheralifference

between scenarios when considering the same tree species. Climate change has a negative effect
on mortality: Scenarios in RCP 8.5 (pessimistic climate scenario) present higher mortality rates
than in RCP 4.5 (optimistic climate scenafR@garding drought, in RCP 4.5, both levels of
drought risk present the same pattern. In RCP 8.5, the high risk emphasizes the mortality of
Dougladir.

In Figure 1.3, we can see that Dougjlgsresents a higher volume increment of wood than beech
(baseihe and scenarios). Drought has a negative effect for all the scenarios: We observe a lower
growth in scenarios with high risk as opposed to those with intermediate risk. Climate change
has a negative effect for all the scenarios too: They present lowdr gr RCP 8.5 than in RCP

4.5. Combinations of different strategies (D_S+DR1 and D_S+DRZ2) have the best growth, unlike
non-adaptation (B_NA), which is below the baseline.
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Figure 1.2: Histogram representing the average mortality rate of trees (imtaugrderms) for
each scenario, for REB (gray) and RCP 8.5 (black).

These two figures presented interesting results from an ecological point of view. First, the
scenarios with Dougkds showed the highest volume increment of wood, whereas thelgehad t
highest mortality rates. More precisely, the two scenarios that combined two strategies
(D_S+DR1 and D_S+DR2) were the best ones, showing a higher growth in the more severe
climate scenario (RCP 8.5) than in the steallperature increment scenario (RCH). All these
elements corroborate the literature describing Dotfglas a high productive species in dry
climates (Eilman and Rigling, 2012; Da Reneth, 2016).

In contrast, the scenarios with beech showed the lowest volume increment of vevedswh
they had the lowest mortality rate. More precisely, they showed a lower growth rate under the
high drought risk than under the intermediate one, which is consistent with its known sensitivity
to drought (Charret al, 2010; Lattet al, 2015; Chakbortyet al, 2017).

These two points demonstrate different sensitivities to drought and climate change. Indeed,
beech reacts and is thus more sensitive to drought (precipitation effect) than to climate

(temperature effect) (Latet al, 2015; Chakrabgret al, 2017), and the contrary for Douglas
fir (Sergentet al, 2014).

Generally speaking, drought negatively influences mortality and the volume increment of wood.
Concerning climate change, the higher the intensity is, the more the mortality hetestaind

will increase. That is why, regarding these two outputs of the CASTANEA model, adaptation
seemed more profitable than the baseline or the absence of adaptation.
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Figure 1.3: Histograms representing the volume increment of wood (cubic engteas)f the
baselines (beech and Dougigqup) and the variation (in percentage terms) of each scenario
compared to the beech baseline (down) for intermediate and high drought risks in RCP 4.5 and
RCP 8.5.

3.2 Economic comparison

The resulting vaations in LEVs compared to the baseline of beech (Baseline_B) are presented

°0s 2319 Tt 2/FEAARU2;, YA A2; TA -AA¥% € AA vy al2 2,y
for the RCP 4.5 and 8.5, respectively. In terms of implementation of adaptatiomestrateg
scenarios with a positive variation of LEVs compared to the baseline represent the benefit of
adaptation for forest owners: B_DR1, B_DR2 and D_S+DR2. In contrast, scenarios with a
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negative variation of LEVs compared to the baseline represent thigapotst of adaptation
for forest owners: B_DR3, D_S and D_S+DR1.

Concerning the baseline, maintaining the current beech stand was more profitable than
substituting it with DouglaBr. Table 1.4 reveals that a substitution strategy combined with that
of a density reduction (D_S+DR?2) provides the best economic return, regardless of the level of
drought risk and the climate scenario. In a second step, the density reduction of beech then
provides the best economic return with the scenario B_DR2, followlssl d3enario B_DR1.

Note that the two other scenarios with Dougdjla€D S and D_S+DR1) are the worst options
from an economic perspective, regardless of the level of drought risk and the climate scenario.

Table 1.4: Variation of Faustmann's LEV (icgraage terms) of each scenario compared to the
baseline of beech, for RCP 4.5 and RCP 8.5.

Scenario RCP 4.5 RCP 8.5
Baseline Beech 1555 EUR/he 1572 EUR/he
Dougladir -29% -45%
Intermediate risk B_NA -13% -14%
B DR1 79% 80%
B DR2 82% 82%
B _DR3 -3% -2%
DS -67% -80%
D S+DR1 -111% -108%
D S+DR2 216% 200%
High risk B_NA -35% -36%
B DR1 55% 55%
B _DR2 57% 56%
B _DR3 -27% -26%
DS -123% -137%
D S+DR1 -163% -155%
D S+DR2 167% 154%

Based on Table 1.4, we can say that costs andtberieddaptation strategies are clearly not
additive, but synergies between adaptation strategies appear to be. For example, for an
intermediate level of risk, considering only the reduction of the initial rotation length of the beech
stand (B_DR1) allovesfinancial benefit (+79%), applying a first reduction of initial density
(B_DR2) as well (+82%). However, a more intense densitictien (B_DR3) generates loss

€ }° puAET AA Arqg 3qqr "12A2 AACAAC A TAt2pAE AATTOTA°t 1
risk. In the same vein, implementing substitution alone (D_S) corresponds to financial loss
€ }°e 251U 2upCe ., 2 ATu&E fehdily (DA S+AR1A inkreAges the previous loss
TEYYYI°t AETCYTAe "Awsogos  Arq AtATYT AAA2A| . °TA TAEAACA
length and stand density, D_S+DR2) makes it possible to generate the highest benefits (+216%).
This observation is astrue for high risk. Following these observations, it appears that the
reduction of rotation length and density reduction are complementary.
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3.3 Carbon sequestration

Figure 1.4 shows the results of the simulations of the forest stand per scenario RG& pier
terms of carbon sequestration (in grams of carbon per square meter of leaf per year).

S 1000
©
3 800
=)
e
» o 600
g% ORCP 45
=5 400 BRCP 8.5
SINS))
m\_/
g 200
(O]
>
< 0
Beech Douglas-fir
Baseline
&2 30%
25
8L _ 20%
® o
82 100
S 5 m l l i L .
) o 0% = = = = L . H Intermediate
® 5 E 1 risk
“'5}:53-10% . .
S5 S m High risk
L2 f M -20%
'g g 309 N N
§8 S o<y poEERIEE 0L E
Dl |D|D|Q++D| |D|D|D++
nP®mnm U)lwlmmmm mlml
[allia) [allia)
RCP 4.5 RCP 8.5
Scenarios

Figure 1.4: Histograms representing the average carbon sequestration (in grams of carbon per
square meter of leaf per year) of the baselines (beechugihasix) (up) and the variation (in
percentage terms) of each scenario compared to the baseline of beech (down) for intermediate and
high drought risks in RCP 4.5 and RCP 8.5.
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Recall that mortality was considered in the computation of the volumen ¥éedhat Douglas

fir presents a higher carbon sequestration than beech (baseline and scenarios). Drought has a
negative effect for all the scenarios. They present lower carbon sequestration under a high risk
than under an intermediate risk. Climate does affect carbon sequestration (baseline and
scenarios). Considering only beech, carbon sequestration decreases with the reduction of stand
density (5000, 3000 and 1000 trees/ha for B_DR1, B_DR2 and B_DR3, respectively). Scenario
D_S+DR1 that combinesfeliént strategies has the best carbon sequestration, in contrast to
scenario B_DR3 (reduced density and rotation length), which is the worst one and below the

baseline.

In economic terms, the resulting variations in LEVs compared to the baseline of beech

( 2A1%°:, 10 ° 2Aq AATAT ATH °¢
iz 2,y -AAY €
are observed when considering Hartman's LEV: The scenario D_S+DR2 phevidest t

AA

2315 9
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t 1 19 Az 1 A
2,0 1 o ATAAT A

+

economic return, regardless of the climate and the level of drought risk.

2AA2

Table I.5: Variation of Hartman's LEV (in percentage terms) of each scenario compared to the

baseline of beech, for RCP 4.5 and RCP 8.5.

Scenario RCP 4.5 RCP 8.5
Baseline Beech 2789 EUR/ha 2829 EUR/ha
Dougladir -27% -39%
Intermediate risk B_NA -11% -12%
B DR1 37% 37%
B _DR2 40% 40%
B _DR3 -18% -17%
DS -51% -62%
D S+DR1 -75% -T7%
D S+DR2 103% 90%
High risk B_NA -29% -134%
B DR1 19% 19%
B _DR2 21% 21%
B DR3 -35% -34%
D S -87% -98%
D S+DR1 -108% -107%
D S+DR2 72% 62%

4. Discussion

4.1 Adaptation from an economic perspective

From an economic point of view, our results suggest that adaptation may be relevant (Tables 1.4
and 1.5), and is consistenitivthe ecological point of view detailed in Section 3.1. More precisely,

the substitution of beech with Dougfaiscombined with a reduced initial density and rotation
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length (D_S+DR2) provided the best economic return. Indeed, Biougtasd is more aluable

than that of beech because its wood has a natural durability that does not require chemical
treatment to be used in outdoor construction. In contrast, beech is mainly used as firewood.
Hotyat (1999) described its wood as having a low value abdingtcompetitive compared to
conifer wood due to its low durability, its red heart and its hydrophilic character. That is also
why Latteet al (2015) promoted substitution with Dougfiasand, as of now, for the
regeneration of old stands of beech.

However, two economic results were unexpected. First, despite its low qualipsaandesult

value, the reduced initial density and rotation length scenario B_DR?2 provides the second best
return. Indeed, while Dougliis can be more interesting (as desed above), beech is the
natural species of this region. This implies that the regeneration of a beech stand was natural
(seeds from old trees) and thus without costs, unlike that of a Déugtaad which is obtained
artificially (plantation) involvig plantation costs. Forest owners may perceive these high
plantation costs (compared to the natural regeneration of beech) as a brake to adaptation. It may
be interesting then to encourage them to shift to battapted tree species. A way to incite them

to choose adaptation may be the subsidization of plantation by the public authorities. Indeed, in
a context of international negotiation to limit climate change, forests have to play a role and
public authorities have an interest in adapting them. In Erdocests are privately owned, so
incentives to encourage owners to adapt, such as subsidization, may be required. On the other
hand, the forest sector should adapt to these silvicultural changes and it is likely that the
government may also have a raelay.

Second, while the scenarios D_S+DR1 and D_S+DR2 were the best ones in terms of growth (from
an ecological point of view), they presented contrasted economic results. Indeed, scenario
D_S+DR2 provides the best economic return, and scenario D_$#&DRArdt one. This
coincides with the objective of scenario D_S+DR2 that was to reduce plantation costs by starting
with 660 trees/ha (instead of 1660 trees/ha for the other scenario as a way to meet industrial
demand). This result also proves the imparéaof having an interdisciplinary vision. Bringing
together the two fields leads to the emergence of a consensual and more relevant solution,
scenario D_S+DR2. Additionally, in terms of wood quality, the implementation of scenario
D _S+DR2is only possidie®c At 2 —pqf °uEALEA °%Y%BTA—F ¢ AEA "2Afe °A |
(which regenerates naturally) at the understorey to avoid branched Diuglad to thus

obtain good quality wood. This beech filler can also offer additional benefits such as the
production of firewood.

Whether we consider scenario D_S+DR2 or scenario B_DR2, they both showed the success of
combining different strategies. This agrees with the idea of J@&sdd2015), who promote a

portfolio of adaptation strategies to reduce tisk of damage. This result also supports the
recommendation of the World Bank (2010) to combine soft and hard adaptation. This idea to
combine strategies should be more widespread among forest owners. Indeed, adaptive
management is part of the categohy: —¢ A AT, AfAe; AAARABRRA Y °TAf TuAE °¢
density makes it possible to save water in the soil in both scenarios and money as well in scenario
D_S+DR2 under (or not) a drought risk. However, the lack of relevant information is seen as a
braketo adaptation (Yousefpour and Hanewinkel, 2015; Rilveet al, 2016). Forest owners

are reluctant to adapt due to a large uncertainty concerning the impact of the implemented
adaptation strategies. In this sense, the combination of strategied@ffbilgtyf to the owners
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in addition to adaptive capacity. The reduction of the rotation length increases the flexibility of
forest management, thus reducing the decision horizon, particularly in scenario D_S+DR2, which
has the shortest rotation length.

In general, drought had a greater impact on LEV than the climate: The higher the drought
intensity was, the more the LEV decreased.

4.2 Carbon consideration

Figure 1.4 showed that when considering scenarios of beech and those offlDgeglastely,

the higher the initial stand density, the greater the amount of carbon sequestered. This does not
coincide with drought adaptation strategies. That is why the combination of two strategies
through the best scenario (D_S+DR2) is a good-trfdbetween adaption and mitigation of

climate change.

Hartman's LEV gives the highest values compared to Faustmann's LEV. Without taking carbon
sequestration into account, we underestimate the value of the forest stand. However, Hartman's
LEVs present the most extrenaues and, consequently, the greatest variation of values in the
most severe climate scenario (RCP 8.5). This criterion therefore takes all of the externalities of
carbon sequestration linked to the implied silviculture into account. These results prove th
importance of considering carbon sequestration, mainly in the context of climate change, and
not just wood production to compute the profitability.

This approach leads to an initial consideration of carbon in these analyses. Many debates exist
around cabon accounting. That is why this step can be developed in further studies. Indeed, it
would be interesting to know how positive externalities from carbon sequestration can be
managed in reality. Amenities can generate carbon credits, which can resqdlymeat to

forest owners for the total sequestered carbon or the annual increment of sequestered carbon of
the past year (Dwivedt al, 2012). Any payment scheme has to be carefully plan (Guitart and
Rodriguez, 2010) whether compensation is made ah#idarvest or as continuous source of
revenue every year. We can take the future use of wood products with different lifetimes into
account, as well as the carbon stored in these products. This suggests that wood quality has to
be integrated into our stiy. For example, firewood directly-emits sequestered carbon,
whereas carbon in a wooden table has a longer lifetime. With this approach in mind, the
individual negative effect of the wood production of forest owners should be considered at the
same timeas the economic consequences for society, along with the social contribution through
different wood products.

Finally, on the whole, adaptation makes society, as well as the economy, more resilient to hazards
(Konkin and Hopkins, 2009), which refers t@ith- - AATAAA -AA 2p2A Arah@A10)— A- A2
However, the implementation of effective adaptation measures depends on the availability of
human resources and skills (Maroscheklfs pp °f p2AA°CY %2:2 T1%T¢A °A Az
AT, AT A— e AfiQdfedHrical strategies and the ones that reduce the decision horizon due

to its flexibility with respect to the evolution of climate change and its beneficial investments,
even in the absence of drought risk (Courkeiuad, 2010). Adaptive managent is thus part
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of the adaptation measures to climate change and also contributes to its mitigation by increasing
the carborsink capacity, for example (Kolstréeh al, 2011). FAO (2011) emphasizes that

— -1 A°CYT %2¢s2 1%T¢A A | Yaddicks tha AdkioR damadelfroing paténtial
HOA2AATAA. 3EA 25 AA 12/ Arqg AAAT¢AC2Y% AA %oA° 2Aq 2, 2u2A

4.3 Sensitivity analysis

Economic evaluation often includes a sensitivity analysis of discount rates to test the robustness
of thecomputed LEVs. Consequently, we evaluated the variation of the different LEV functions
of the discount rate for each scenario analysed. Thesraspresented in Figure 1.5.
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Figure 1.5: Faustmann's LEV (EUR/ha) for each scenario as a functiorsobtime dite for RCP
4.5, for the intermediate risk@d) and the high riskdown).
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In Figure 1.5, Faustmann's LEV of scenario D_S+DR2 is the highest, regardless of the discount
rate for both risks. The second one is scenario B_DR2 since the discoumamatadrmediate

risk is 1.5%, regardless of the discount rate for the high one. The order between scenarios does
not change since the discount rate is 3.5%.

The same results are observed considering the RCP 8.5 and Hartman's LEV. All these elements
demastrate the robustness of our results.

4.4. Limits and perspectives

The CASTANEA model was used for the first time for the purpose of forest management. A good
reaction of volume increment was observed after a thinéngg boost of growth because of

the increase in growing space and water resources in the first years. However, drought generates
effects on growth for the year of the event and for one or more years after ¢Palyd995;
Rouauliet al, 2006). These poesgtrought effects are takertanaccount infte model through the

effect of norstructural @arbon on growth, but they are still not properly evaluated. Three
adaptation strategies (density/rotation reduction and species substitution) were chosen as the
most relevant and mentioned irethterature, but also on the basis of their technical feasibility
with the CASTANEA model and in Burgundy. Indeed, substitution of beech stands with Douglas
fir has already been tested in the Morvan. The architecture of the CASTANEA model (inventory
file for one species growing at the same age) did not make it possible to compute intraspecific
(unevenaged forests) and interspecific (mixture of species) stands, which explains why-this well
documented measure was not studied here. Indeed, many studipsolvadethe effectiveness

of mixed stands in terms of biodiversity objectives to reduce drought risk (FAO, 2011; Keskitalo
and Carina, 2011). Mixtures make it possible to diversify wood production instead of opposing
the different uses, with, in generalniders providing lumber wood and deciduous trees
providing energy wood. Therefore, to investigate this strategy, we need to more extensively study
mixed stands and the (aboveground and underground) interactions between species
(competition and symbiosig) brder to be able to model them. Nonetheless, while all forest
services must be taken into account in order to preserve the multifunctionality of forests, mixture
strategy probably requires taking traaffs between adaptation to drought and biodiversity
objectives into account, which may be conflicting.

Another potential limitation of this study is that our model considers a fixed wood price grid
depending on tree diameter. First, the wood price varies with the tree diameter but also
fluctuates with thewgply, which are two parameters affected by climate change (see Section
3.1), and such variations are not considered in our study. Second, the wood prices increase
together with the diversity of wood uses and the substitution effect of fossil fuelsidVuea

uses are being discovered for Doufjtagood, and its growing demand is not considered in this
paper.
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5. Conclusion

The productivity of forests is severely limited by water availability in the soil. We observed that
drought induces extensiveerdieback due to impacts over several years that result in high socio
economic losses, which will then be accentuated by climate change. Moreover, the literature
describes the drought hazard at different levels, but without spatial analysis, as isftire case
storms and especially fire hazard (monitoring, prevention by creating transects). Indeed, a
2AA°y  32ATu A¢g AE¢ALfA°” E2AqA puf-°°A °;u° 1A EALE %
estimation of available water reserves at any given time.

Our studyshows that the adaptation of beech stands in Burgundy is needed to fight against
droughtinduced dieback. Adaptation is costly for forest owners. Therefore, in order to consider
adaptation to drought in forest management, the forest owner needs to axggsere to
drought, to assess potential impacts, and to evaluate the adaptive capacity of both the forest stand
and the management system. In addition to this, an important question was how to select suitable
measures from the multitude of adaptation amti On the basis of growth and carbon
sequestration simulations by the CASTANEA model, substitution of beech stands with Douglas
fir, combined with a reduction of the initial stand density and a reduction of the rotation length,
provides the best economaturn, regardless of the climate and the level of drought risk. Our
paper is the first to compare different adaptation strategies to face the dralwgied risk of

forest dieback, and the synergy of both strategies provided a robust result. Wenvaiddletio
adaptation is not always as economically beneficial as ecologically and, consequeaotfg, trade
between objectives may exist (Johnston and Withey, 2017).

When considering extreme events such as drought, forest management and its adaptation mainl
depend on the given objectives (wood production, carbon sequestration), on the forest owner
(government, territorial community or private), as well as on the type of stands (existing, to be
created, to be reforested). Research in this field can impmouaderstanding of drought risk

and its implied damage mechanisms. Therefore, to improve management options under severe
drought, studies of this environmental hazard and risk should be pursued.

In the aim of promoting the best strategy to be combinéddnought risk for decisiemaking,

we showed the importance of the interconnection between different fields (ecology and
economics), to take the multifunctionality of forests (wood production and carbon sequestration
in this case), the need for generafoimation about silvicultural treatments, and the
collaboration between different sectors (forest managers and researchers) into account.
Additionally, since drought increases vulnerability to secondary attacks (pests and pathogens),
current challenges falisturbance modelling would include carrying out mukiisle analyses

in dynamic ecosystem models for decision support in forest management.
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Supplementary material

A. Silvicultural operations with assated net benefits from wood production and

carbon sequestration for each scenario

B_NA RCP 4.5 RCP 8.5

Intermediate risk High risk Intermediate risk High risk
Opera Density Wood Benefits Wood Benefits Wood Benefits Wood Benefits
tions (N/ha) (m¥ha)  (EUR/ha) (m¥ha)  (EUR/ha) (m¥ha)  (EUR/ha) (m¥ha)  (EUR/ha)
(tree
age)
Maint. 5000 24 -595 23 -595 23 -595 22 -595
(5)
Thin.1 3000 97 -665 83 -665 97 -665 83 -665
(15)
Thin.2 1500 157 786 132 660 152 760 129 644
(30)
Thin. 3 757 102 506 85 422 107 530 92 455
(35)
Thin. 4 523 93 432 79 367 101 470 87 404
(41)
Thin. 5 361 128 594 108 503 136 633 115 534
(49)
Thin. 6 249 153 948 130 808 157 976 134 830
(57)
Thin. 7 172 172 1330 148 1142 170 1315 148 1141
(65)
Thin. 8 119 197 1998 174 1769 192 1951 167 1693
(75)
Thin. 9 82 209 2602 183 2281 202 2509 176 2194
(85)
Harv. 232 11599 202 10094 230 11476 199 9936
(95)
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B_DR1 RCP 4.5 RCP 8.5

Intermediate risk High risk Intermediate risk High risk
Opera Density Wood Benefits Wood Benefits Wood Benefits Wood Benefits
tions (N/ha) (m¥ha)  (EUR/ha) (m¥ha)  (EUR/ha) (m¥ha)  (EUR/ha) (m¥ha)  (EUR/ha)
(tree
age)
Maint. 5000 28 -61 27 -61 27 -61 26 -61
®)
Thin.1 1100 106 -705 94 -705 105 -705 91 -705
(15)
Thin. 2 500 83 452 74 404 79 429 68 372
(22)
Thin. 3 350 112 506 96 432 115 517 99 445
(31)
Thinni 200 118 1011 101 870 125 1068 110 946
ng 4
(36)
Thin. 5 130 132 1156 116 1011 142 1241 125 1098
(44)
Thin. 6 70 154 2350 135 2055 160 2442 143 2178
(52)
Thin. 7 60 153 875 135 772 154 879 138 788
(60)
Harv. 273 13666 246 12321 267 13368 239 11934
(80)

-59-



CHAPTER |

B_DR2 RCP 4.5 RCP 8.5

Intermediate risk High risk Intermediate risk High risk
Opera Density Wood Benefits Wood Benefits Wood Benefits Wood Benefits
tions (N/ha) (m¥ha)  (EUR/ha) (m¥ha)  (EUR/ha) (m¥ha)  (EUR/ha) (m¥ha)  (EUR/ha)
(tree
age)
Maint. 3000 25 -61 24 -61 24 -61 23 -61
(5)
Thin.1 1000 104 -705 91 -705 105 -705 92 -705
(15)
Thin. 2 500 93 467 83 415 89 445 77 386
(22)
Thin. 3 350 120 539 102 459 121 546 104 466
(31)
Thin.4 200 122 1047 104 896 128 1097 112 963
(36)
Thin. 5 130 134 1173 117 1022 143 1252 126 1099
(44)
Thin.6 70 155 2366 135 2062 161 2462 143 2180
(52)
Thin. 7 60 153 878 135 772 154 883 137 786
(60)
Har. 273 13663 246 12284 266 13317 236 11819
(80)
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B_DR3 RCP 4.5 RCP 8.5
Intermediate risk High risk Intermediate risk High risk

Opera Density Wood Benefits Wood Benefits Wood Benefits Wood Benefits
tions (N/ha) (m¥ha)  (EUR/ha) (m¥ha)  (EUR/ha) (m¥ha)  (EUR/ha) (m¥ha)  (EUR/ha)
(tree
age)
Maint. 1000 26 -1525 25 -1525 25 -1525 24 -1525
®)
Thin.1 500 197 984 171 853 196 978 169 846
(31)
Thin. 2 350 124 558 107 480 130 587 115 518
(36)
Thin. 3 200 144 1238 124 1068 155 1331 135 1160
(44)
Thin.4 130 150 1311 129 1128 157 1374 138 1209
(52)
Thin. 5 70 165 2522 145 2209 167 2549 148 2266
(60)
Thin. 6 60 180 1029 162 928 175 1003 155 887
(70)
Harv. 231 11535 208 10379 226 11321 201 10074
(80)

Bagline_ D RCP 4.5 RCP 8.5

Operations  Density Wood Benefits Wood Benefits
(tree age) (N/ha) (m’ha) (EUR/ha) (m¥ha) (EUR/ha)

Maintenance 1300 29 -4310 24 -4310
Sl'?inning 1 750 228 966 199 840
(25)

Thinning 2 520 175 1076 154 945
fI'3h?31ning 3 360 160 1727 147 1583
f|'3h5i?ming 4 280 153 1361 144 1278
(T4h(i)31ning 5 230 166 1340 155 1253
fIf‘rhSizming 6 200 185 1204 172 1118
|(—|5:r)vest (55) 232 12734 236 12958
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D S RCP 4.5 RCP 8.5
Intermediate risk High risk Intermediate risk High risk

Opera Density Wood Benefits Wood Benefits Wood Benefits Wood Benefits
tions (N/ha) (m¥ha) (EUR/ha) (m¥ha) (EUR/ha) (m¥ha)  (EUR/ha) (m¥ha) (EUR/ha)
(tree

age)

Maint. 1300 27 -4310 25 -4310 22 -4310 20 -4310
(5)
Thin.1 750 209 885 177 747 177 47 144 610
(25)
Thin. 2 520 159 979 133 820 138 846 114 699
(30)
Thin.3 360 144 1552 121 1299 132 1422 111 1196
(35)
Thin.4 280 138 1225 116 1031 130 1156 110 980
(40)
Thin.5 230 150 1212 127 1025 141 1134 119 960
(45)
Thin.6 200 168 1092 143 928 153 1014 129 841
(50)

Harv. 211 11581 179 9865 216 11888 181 9972
(55)

D _S+DR1 RCP 4.5 RCP 8.5

Intermediate risk High risk Intermediate risk High risk

Opera Densi Wood Benefits Wood Benefits Wood Benefits Wood Benefits
tions ty (m¥ha)  (EUR/ha) (m¥ha)  (EUR/ha) (m¥ha)  (EUR/ha) (m¥ha)  (EUR/ha)
(treeage) (N/ha)

Maint.(5) 1660 29 -5110 27 -5110 24 -5110 22 -5110
Thin. 1 800 242 1256 212 1099 207 1072 15 909
(25)

Thin. 2 560 171 1025 149 892 151 906 128 769
(31)

Thin. 3 430 180 1673 157 1460 171 1582 151 1398
(38)

Harv.(45) 226 12405 198 10896 239 13165 215 11828
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D _S+D RCP 4.5 RCP 8.5
R2
Intermediate risk High risk Intermediateisk High risk
Opera Density Wood Benefits Wood Benefits Wood Benefits Wood Benefits
tions (N/ha) (m¥ha)  (EUR/ha) (m¥ha)  (EUR/ha) (m¥ha)  (EUR/ha) (m¥ha)  (EUR/ha)
(tree
age)
Maint. 660 30 -1200 28 -1200 24 -1200 22 -1200
®)
Thin.1 520 282 1194 247 1046 241 1021 206 871
(30)
Thin. 2 360 253 2729 222 2390 223 2401 193 2082
(35)
Thin. 3 280 213 1891 188 1668 193 1711 168 1496
(40)
Harv. 230 10359 204 9158 238 10724 214 9627
(45)
Baseline Beech Dougladir
RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5
Tree age C Benefits C Benefits C Benefits C Benefits
(years) (T/ha) (EUR/ha) (T/ha) (EUR/ha (T/ha) (EUR/ha) (T/ha) (EUR/ha)
5 -85 -3734 -84 -3714 -78  -3451 -80 -3512
15 36 1574 36 1588
25 77 3406 67 2961
30 22 966 21 919 -18 -793 -15 -667
35 -19 -852 -17 -749 -5 -225 -2 -106
40 -2 -102 -1 -44
41 -3 -135 -2 -105
45 4 194 4 173
49 13 565 13 576
50 6 281 6 246
55 16 691 22 948
57 9 388 8 336
65 6 266 4 185
75 8 352 8 349
85 5 208 4 162
95 9 402 10 451
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B _NA RCP 4.5 RCP 8.5
Intermediate risk High risk Intermediate risk High risk
Tree C Benefits C Beneits C Benefits Carbon Benefits
age (T/ha)  (EUR/ha) (T/ha) (EUR/ha)  (T/ha) (EUR/ha) (T/ha)  (EUR/ha)
(years)
5 -79  -3458 -68  -3009 -78 -3421 -67 -2962
15 33 1444 28 1235 33 1452 28 1235
30 20 898 17 733 19 815 16 685
35 -19 -818 -16  -697 -15 -671 -13 -551
41 -3 -136 -2 -93 -2 -85 -2 -71
49 12 515 10 432 12 519 9 416
57 9 376 8 332 7 318 6 280
65 7 287 6 260 4 189 5 207
75 8 364 9 391 7 325 6 282
85 4 188 3 138 3 145 3 146
95 8 340 6 276 9 414 8 333
B_DR1 RCP 4.5 RCP 8.5
Intermediate High risk Intermediate High risk
risk risk
Tree C Benefits C Benefits C Benefits C Benefits
age (T/ha)  (EUR/ha) (T/ha) (EUR/ha) (T/ha) (EUR/ha) (T/ha) (EUR/ha)
(years)
5 -93 4074 -83  -3673 -91 -3986 -81 -3558
15 36 1577 32 1395 36 1563 31 1361
22 -8 -339 -7 -288 -9 -390 -8 -344
31 10 437 7 326 12 541 10 457
36 2 82 2 79 3 143 4 169
44 5 212 5 211 6 259 5 227
52 7 329 7 287 6 273 6 260
60 0 -17 0 3 -2 -98 -2 -77
80 41 1794 38 1661 39 1696 34 1505
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B DR2 RCP 4.5 RCP 8.5
Intermediate High risk Intermediate High risk
risk risk
Tree C Benefits C Benefits C Benefits C Benefits
age (T/ha) (EUR/ha) (T/ha) (EUR/ha) (T/ha) (EUR/ha) (T/ha) (EUR/ha)
(years)
5 -93  -4073 -83  -3662 -90 -3970 -80 -3524
15 35 1547 31 1359 36 1562 31 1369
22 -4 -154 -3 -121 -5 -236 -5 -219
31 9 391 6 284 11 482 9 394
36 1 35 1 35 2 99 3 129
44 4 178 4 183 5 227 5 200
52 7 316 6 275 6 274 6 258
60 -1 -25 0 -3 -2 -106 -2 -82
80 41 1786 37 1650 38 1669 34 1475
B _DRS3 RCP 4.5 RCP 8.5
Intermediate risk High risk Intermediate risk High risk
Tree C Benefits C Benefits C Benefits C Benefits
age (T/ha)  (EUR/ha) (T/ha)  (EUR/ha) (T/ha)  (EUR/ha) (T/ha) (EUR/h3
(years)
5 -78 -3439 -70  -3095 =77 -3375 -68  -3004
31 67 2935 58 2543 66 2917 57 2522
36 -25 -1086 -22 -953 -22 -974 -18 -807
44 7 302 6 265 8 370 7 301
52 2 82 2 67 1 27 1 43
60 5 233 5 237 3 152 4 153
70 5 215 6 258 3 121 2 96
80 17 759 15 677 17 762 16 692
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D S RCP 4.5 RCP 8.5
Intermediate risk High risk Intermediate risk High risk
Tree C Benefits C Benefits C Benefits C Benefits
age (T/ha)  (EUR/ha) (T/ha) (EUR/ha) (T/ha)  (EUR/ha) (T/h  (EUR/ha)
(years) a)
5 -71 -3139 -61 -2674 -73 -3222 -61 -2703
25 71 3121 60 2632 60 2633 49 2151
30 -17 -745 -15 -642 -13 -578 -10  -454
35 -5 -230 -4 -194 -2 -89 -1 -42
40 -2 -90 -1 -66 -1 -25 0 -9
45 4 186 4 167 4 158 3 131
50 6 263 5 231 5 227 3 150
55 14 634 12 545 20 896 18 775
D S+DRI RCP 4.5 RCP 8.5
Intermediate risk High risk Intermediate risk High risk
Tree age C Benefits C Benefits C Benefits C Benefis
(years) (T/ha)  (EUR/ha) (T/ha)  (EUR/ha) (T/ha)  (EUR/ha) (T/ha)  (EUR/ha)
5 -76 -3362 -67  -2953 -81 -3568 -73  -3206
25 82 3614 72 3163 70 3084 59 2615
31 -24 -1067 -21 -946 -19 -832 -16  -705
38 3 141 3 129 7 290 8 336
45 15 674 14 607 23 1027 22 960
D _S+DRz RCP 4.5 RCP 8.5
Intermediaterisk High risk Intermediate risk ~ High risk
Treeage C Benefits C Benefits C Benefits C Benefits
(years) (T/ha) (EUR/ha) (T/ha)  (EUR/ha) (T/ha) (EUR/ha) (T/ha) (EUR/ha)
5 -78  -3422 -69 -3034 -81 -3553 -72  -3189
30 95 4199 84 3677 82 3590 70 3064
35 -10  -424 -8 -373 -6 -270 -4 -184
40 -14  -599 -11 -504 -10  -447 -8 -369
45 6 256 5 233 15 680 15 678
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B. Supplementary data

Table 1.B1: Parameters of CASTANEA model for Douglas based on the parametrization for Abies

alba and lierature survey.

Variable Value Unit
Leaf construction cost 1.21 geoct
Coarse roots construction cost 1.2 gegct
Fine roots construction cost 1.28 geoct
Wood construction cost 1.18 gegct
Rate of alive cells in stem 0.46 %
Rate of alive cells irbranches 0.46 %
Rate of alive cells in coarse roots 0.46 %
[lignines] in roots 0.25 OLigninesGoMm
[lignines] in fine roots litter 0.38 OLigninesOpMm
[lignines] in leaf litter 0.38 OLigninesObM
[lignines] in fine branches litter 0.35 OLigninesOpMm
[lignines] in coarse branches litter 0.35 OLigninesGpM
[lignines] in coarse roots litter 0.38 OLigninesOpMm
initial [NSC] in living tissue 0.15 OLigninesObMm
[nitrogen] in leaves 0.017 gn.Cowit
[nitrogen] in coarse roots 0.00094 On.Convit
[nitrogen] i n fine roots 0.0036 on-Oomt
[nitrogen] in branches 0.01027 On.Convit
[nit rogen] in stem 0.00094 gn.Cowit
[nitrogen] in reserves 0.0004 On.Coni
Predawn potential for growth cessation -1.6 Mpa
Carbon allocation coefficient to wood 0.42 gcgct
Fine roots turn over 1 gcgclyeart
Ratio between branches and total aboveground biomas 0.15 gcgct
Ratio between coarse roots and total wood biomass 0.20382166 gcget
Ratio between fine roots and leaves biomass 0.3 gcgct
Branches mortality rate 0.00007 gcgclyeart
Needle area 0.0005 m2
Leaf Mass per Area of sun leaves 360 g/m2
Extinction coefficient of Leaf Mass per Area within the 0.0729 m2
canopy

Leaf angle 40 °
Branches angle 8.7 °
Slope of the crown area to dbh relation 0.08151 m?.cm-1
Intercept of the crown area to dbh relation 0.69535 m?
Slope of the LAIdbh relationship 15 m?.cntt
Power coeffiecient of the LAtbh relationship 0.45 cnrt
Power coeffiecient of the [NSC] effect on the LAlbh 0.3 oct
relationship

Slope of the heigh-dbh relationship 1.52 m
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Power coeffcient of the heightlbh relationship
Form coeffcient of stem

Wood density

canopy clumping coefficient

Wood reflectance in PIR domain

Wood reflectance in RIR domain

Leaf reflectance in PIR domain

Leaf transmittance in PIR domain

Leaf reflectance in PAR domain

Leaf transmittance in PAR domain

Water storage capacity per unit of leaf area
Water storage capacity per unit of bark area
Slope of the water interception coeficient
Intercept of the water interception coeficient
Ratio between stemflow and throughfall
Intercept of ball and berry rehtion

Slope of ball and berry relation

Roots to leaves resistance to flow transport per Area
Sapwood basis

Capacitance of trunk

Water potential inducing 50% loss of condctivity
Dependency between VCmax and leaf nitrogen density
Curvature of the quantum response of the electron
transport rate

Base temperature for forcing budburst

Base temperature for leaf growt

Base temperature for forcing leaf fall

Date of onset of rest

Date of onset of ageing

Critical value of state of forcing (from quiescence to
active period)

Critical value of state of forcing (from leaf évelopment
to maximum LAI)

Critical value of state of forcing (from leaf development
to leaf maturity)

Critical value of state of forcing (from NStart2 to leaf
fall period)

Critical value of state of forcing from NStart2 to end of
wood growth

Minimal temperature below which frost has an effect on
young buds

Phenologie type (L deciduous 2: evergreen)

Maximum needle or leaves lifespan

0.7972
0.447
550
0.46
0.3
0.15
0.33
0.225
0.09
0.045
0.4
0.32
0.85
15
0.35
0.001
9.5

28747

0.04
-3.6
23.3210084
0.7

=

20
70
213
400
350
424
100

300

cnrt
me.m3
Kg.m?3
m2.m?
J.J
J.J
J.J
J.J
J.J
J.J
mm.nT2
mm.nT2
mm.mntt
mm
mm.mntt
mmol.mZ2.s?
Dimensionles
s
gH2oMpal.m-
2.stgct
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Figure 1.B1: The four SAFRAN points (3202, 3710, 4303, 512dn fointhe summer
precipitation and mean temperature.
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Chapter Il

Is diversification a good option to reduce droughinduced
risk of forest dieback? An economic approach focused on

carbon accounting
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Abstract

Extreme or recurrent drought events are the principal source of stress impairing forest health.
They case financial losses for forest owners and amenity losses for the society at large. Most of
the forested area in the Grakdt region (France) is dominated by beech, which is projected to
decline in the future due to repeated drought events driven byecthange. Beech forests need

to adapt and diversification is a management option that has the potential to reduce drought
induced risk of dieback. We studied two types of diversification that were analysed separately
and jointly: mixture of beech specwth oak species and mixture of different tree diameter
classesif.,unevenaged forest), which is rarely considered as an adaptation strategy. We also
considered two types of loss (financial and carbon sequestration) under different recurrences of
drought events, which are consequences of climate change. We combined a forest growth
simulator (MATHILDE) with a frequently used economic approectafd expectation value

or LEV). The maximisation of the LEV criteradlowed for the identification of éhbest
adaptation strategies in terms of timber revene also analysed the impact of adaptation
decisions on carbon sequestration by means of three different-eadmamting methods.€.,

market value, shadow price, and social cost of carbon). gults rehow that diversification
reduces the loss in timber volume due to drougihiced riskof forest diebacknd increases

LEV, but also reduces carbon storage. The-tifégldoetween the financial balance and the
carbon balance, and the underlying tjoasof the additivity (or not) of the two adaptation
strategies are discussed.

Keywords: Drought; Adaptation; Climate change; Mixed forest; Economics; Carbon.

5 Article presented at the following conferences:IKiévhational Uion of Forest Research Organizatigd§RQ

World Congress (Curitiba, Brazil, 2019); Symposium FORRECAST "Adapting forests to climate change" (Toulouse,
2019); ¥ Annual Conference of the French Association of Environmental and Resource Economisdts (FAERE
(Grenoble, 2020).
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1. Introduction

Drought is a natural phenomenon affecting forest productivity and heatitiadlgpwhen its
intensity is extreme. Abundant evidence has been published regarding the link that exists
between drought intensity, crown condition, and mortality, both in Europe é5eidl2011)

and globally (Alleet al, 2010). These impacts reasnl economic losses for forest owners and
amenities losses for the whole society.(reduced carbon sequestration). In France, the
extreme drought events of 1976 and 2003 caused great damage{(Rted804; Brédat al,

2006). Severe droughts ateught to be rare phenomena, but their frequency might increase

in the future as a consequence of climate change (IPCC, 2013).

While forests are expected to adapt naturally, spontaneous forest adaptation will not be fast
enough to keep up with the padeckimate change. Consequently, risk management responses

to climate change are required to cope with the increasing risk of drodgbéd dieback
(Spittlehouse and Stewart, 2Q08Vatersaving forest management can mitigate the intensity

and duration ofwater shortage periods and their related damage; and therefore increase the
AATTA" 2p2ARAoC Y "2A27°AE AA 2 "12; o, "oy 2Rq ~ Ajuz 2,u 2uf

Adapting forests also means maintaining the services they provide. One such service is carbon
sequestratiqz ATAAZE  * ATAAAAE;ALACA. E1071 oA qAA|,Ac21, AA 9404
2u2AA2A°A s —et al AT YakaFrench government has made several commitments in

this field, such as abiding by the terms of the Paris Agreement and adfa@advamgneutrality

by 2050. The forest sector is an essential lever to achieve these goals (&iddird0il).

Management strategies can increase the resistance of forest ecosystems. Diversification is a
managemenbased adaptation option. From an egoic point of view, investing in a
combination of different financial assets might reduce the risk (Markowitz, 1952). Diversifying
forest stands can therefore lead to hedging from the climate fluctuations caused by climate
change and its related extremems.

In this paper, two types of diversification strategies are considered: composition diversification
and structure diversification. The former means shifting from monocultures to stands composed
of two or more species. Mixing species can have positacs such as favouring tree
complementarity and increasing stand productiflisbourgeoiget al, 2013; Forrester, 2014).
However, it can also have adverse effects such iasraase in the competition for water
resources (Grossioet al.,2014; Bonleet al, 2017). These positive or negative effects seem to
be dependent on both the contexy( soil, climate) and the species mix. The latter consists of
shifting from everaged to uneveaged silvicultura,e.,having different classes of tree ditene

in the same standacobsen and Helles (2006) stated that the stability of forests granted by the
continuous cover can lead to a better resilience to natural hazards.

In this context, a legitimate question is whether forest stand diversificationtutesssn
economically favourable adaptation option when it comes to reducing dralgtgd risk. To

answer this question, we analysed the economic costs and benefits of marbgssdent
adaptation strategies from a private forest owner's perspective,cghsidering the impact of

these decisions on carbon storage. Few studies have tackled the issue of adaptation to climate
change using a forest economics approaabugbtinduced riskof forest diebacks often
overlooked in economic analyses even thdug one of the most damageable disturbances for
forests To the best of our knowledge, only Bréda and Brunette (2019) and-Bratmaget al.
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(2019) haveinvestigated the adaptation to droughduced risk. Moreover, composition
diversification hasarely been analysed as a potential adaptation strategy (Yousefpour and
Hanewinkel, 2014; Jonssatral, 2015) and never for structure diversification.

The objective of this paper was to test and compare different diversification strategies in terms
of canposition and structure as potential adaptation means for reducing dindgbed risk

of forest diebackom an economic perspective. To this end, we focused on beech stands located
in the GraneEst region, France. We used an indivithaaled model toraulate forest growth

under two different scenarios of climate change, namely the representative concentration
pathways (RCP) 4.5 and 8.5 (IPCC, 2013). More precisely, we tested two types of diversification
that we first analysed separately and then jaififlymixture of beech species with oak species

and (ii) mixture of different tree diameter classe&s,(inevenaged forest)We also considered

the loss associated with drougidiuced riskof forest diebackoom a financial perspective and

in terms ofcarbon sequestration. The model predictions were used as inputs in the traditional
forest economic approach based on land expectation value (LEV). The maximisation of the LEV
criterion enabled us to identify the best adaptation strategies, using ansinicial perspective

or a more holistic economic approach that also accounted for carbon storage. To account for the
economic value of carbon sequestration, we considered three accounting metmoaidket

value, shadow price, and social cost of caNMmntested whether (i) diversification is a good
adaptation option to reduce droughtiuced rislofforest dieback terms of timber production

and carbon storage; (ii) diversification and combining both diversification strategies lead to
synergies; (i) tradeoffs between the financial balance and the carbon balance (adagation
mitigation) are possible; (iv) carbon price has an impact on (i).

The rest of the paper is structured as follows. The material and methods are presented in Section
2. Sectin 3 provides the main results. The results are discussed in Section 4, and Section 5
concludes.

2. Material and methods

2.1. Study area: Graifitht region and species of interest

The GraneEst region is one of the most afforested region in France wittttraare third of its
area covered by forests, of which 42% are privately dwBemhdleaved species are the most
abundant ones and they provide 64% of the commercial value of'ticktheng them, European
beech Fagus sylvatica.), sessile oalQUuercus etraealLiebl.) and pedunculate oaRuercus
roburL.) are the three main spedies

Repeated drought events are expected to cause a decline in beech productivity in a near future
(Charruet al, 2010). Mixed stands are sometimes proposed as a suitabkiaadagtion.

Beech and oak species are frequentlyccarring species as they share a number of common
ecological requirements and characterifiR@meauet al, 1989) Moreover, oaks a more
droughttolerant species than beech (Scharnwedieal, 201l) and can increase drought
resistance and resilience of beech due to-smecific facilitatiofZapateret al, 2011)

" SourcefrenchNationalForest Inventory (IGN, 2019).
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2.2. Methods

To compare composition and structure diversifications as potential adaptation strategies to
reduce droughinduced riskwe defined ten managemdrdsed scenarios and simulated their

forest growth. Model predictions were used as inputs to compute the land expectation value
(LEV) for each scenario. All these elements are represented in Figure 1.1 and described in the
follomng subsections.

Figure 11.1: Schematic representation of the methodology: From scenario definition to economic
evaluation.

2.2.1. Scenarios tested

The management scenarios were defined according to tree species and stand structures: pure
and everagal beech/oak stand, pure and uneagred beech/oak stand, mixed and eaged

stand (with a respective ratio of beech to o&b0f550:5Q or 75:25, mixed and uneveaged

stand (with the same ratios) (Figure I1.1).

These management scenarios were testedonjunction with three climate scenarios: a
reference climate, the RCP 4.5 and the RCP 8.5. All this resulted in a total of 18 scenarios: Two
baseline scenarios in a reference climate plus eight scenarios in two different climate projections.
The two laselines and the eight scenarios are summarized in Table Il.1. Additionadgeeven

and uneveraged oak stands were simulated in order to test the second hypothesis (synergies of
the adaptation strategies).

To project drought occurrence, the growth noeguired the recurrence of drought events as
input. These recurrences were defined from daily soil water deficit computed through a daily
forest water balance model BILJOUO® (Graateal, 1999). The computation of the most
exceptional drought evenise(,known in the reference period to induce beech dieback) yielded
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the respective recurrences of 28, 13, apdaB intervals. More details on the computation are
provided in the Supplementary Material Section (A).

Table I1.1: The different scenariossmered and their distinctive code.

Code Scenario

Baseline_E Benchmark, current evaeaged beech stand

Baseline_( Benchmark, eveaged oak stand in current conditions

B_EA Evenaged beech stand without adaptation

Mix25_ EA Evenaged mixed stand with atio 25:75 of beech and oak proportio
Mix50_EA Evenaged mixed stand with a ratio 50:50 of beech and oak propor
Mix75_EA Evenaged mixed stand with a ratio 75:25 of beech and oak propor
B_UA Uneveraged beech stand

Mix25_UA Uneveraged mixd stand with a ratio 25:75 of beech and oak propot
Mix50_UA Uneveraged mixed stand with a ratio 50:50 of beech and oak propc
Mix75 UA Uneveraged mixed stand with a ratio 75:25 of beech and oak prop

2.2.2 Forest growth simulation

We usedMATHILDE, atochastic individugdased model, teimulate forest dynamic$he
model is described in Fortin and Manso (2016) and febin(2019).

Forest growth was simulated from inventory data. We created a fictive stand as an inventory
data br each management scenario listed in Table II.1. These fictive stands represented typical
conditions in the GranHst region. Since MATHILDE tends to overestimate the mortality of
young trees, inconsistent simulations for eagad stands younger than B€ars of age were
generated (Fortin and Manso, 2016). Therefore, the starting point for our simulations-were 30
yearold everaged stands with 2000 stems/ha. For unexged stands, we assumed that they
exhibited a balanced diameter distribution with 2@@1s/ha. More details on the fictive stands

are provided in the Supplementary Material Section (B). The simulation of tree growth for each
stand is described below.

First, inventory data are loaded. Each inventory file contained the tree records sfdfQiplt

m? each. Secondly, we used MATHILDE's -inuitarvest algorithm to implement the
management scenarios. The algorithm requires some bounds in terms of basal area. Whenever
the upper bound is crossed, the harvesting is triggered and the treaxvastdd until the lower

bound is reached. The bounds were assumed to reproduce the managemeragdcceaead
unevenraged stands (see Table II.C.1 in the Supplementary Material Section). In the case of even
aged stands, the final cut was assumed to roecc@ut when either the dominant diameter
reached 7@m or the number of stems fell below 100 stems per hectare. The first condition is
the one that normally applied without natural disturbances. The second condition is usually met
when natural disturbases occur and the stand is deemed to be too depleted to recover. We
enabled the recruitment of new trees in unexged stands to keep the forest dynamics going,

but not for everaged stands in order to compute one rotation length at a time. These
managemet scenarios were simulated under reference climate and RCPs 4.5 and 8.5 (Figure
[1.1). Stochastic simulations in MATHILDE rely on the Monte Carlo technique. In this study, we
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computed 1000 realizations for each combination of climate and managemain.sthea

Monte Carlo technique provides a prediction of the stand evolution as well as the uncertainty
associated with this prediction. Each realization represents the mean evolution of the 10 plots
that compose the fictive stand.

Thirdly, MATHILDE is impimented in the CAPSIS platform (Dufidawalskiet al.,2012),

which contains a carbon accounting tool (CAT, Picharetoatt 2018). Each realization of
MATHILDE was processed through CAT in order to simulate the corresponding carbon balance.
Basically,CAT turned the different realizations into carbon realizations, which were latter
analysed in terms of economic benefits. More technical details on MATHILDE and CAT are
provided in the Supplementary Material Section (D).

2.2.3 Economic analysis

2.2.3.1Doubleweighted land expectation value

We used the timber volume and carbon realizations from MATHILDE and CAT to perform an
economic comparison of the adaptation strategies based on land expectation value (LEV).

The different scenarios listed in Figlrgé can be seen as an experimental design to assess the
effect of different factors on the LEV. More precisely, it enables the following comparisons:

= v§ LEV 3 and LEW& LEV 7: effect of drought.
= vs. LEV 4 and LEWB&. LEV 8: effectfaomposition diversification strategy.
= vs. LEV 5 and LEW& LEV 9: effect of structure diversification strategy.

= vs LEV 6 and LEV VA LEV 10: effect of composition diversification combined with
structure one.

In a deterministic setig, the LEV can be obtained from the ginglerotation net present value
(NPV) as follows:

, i
'sEN! . F %

J8:6;L0286;H———ﬁL—|SEﬂnzae;L| S F % (1)
'SEN! Fs Q@S:SENQ

Whereas in the context of Monte Cdmdsed stdwastic simulations (wheteis the index of the
realizations, so thdt ,, y+ BJ,¢he expectation of the NPV, as a function of a target rotation
lengthT, can be estimated as follows:

»

N S .
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where * xis the date of the final harvest in realization b, which is at best equal to th@ target
smaller thanT in case of early harvest.

The expectation of LEV can then be approximated by-ta#les doubleveighted LEV as:

. s ] 20286:? :sE N
'‘a>'8:6;7L =1 H28:ece:*xa;; E

- I
. ‘s E Nkol:Ad; . AQT
$ e N SENATi Fs

3)

where #06; L Ag@s e o *x85; $4n fact, #06;is the mean harvest age for a target rotation
lengthT. If no early harvest was triggered, th&f6; L 6dDtherwise,06; O 6&his double
weighted LEV is an approximation of LEV because (i) the true value of LEV is approximated by
pooling all the realizations of a Monte Carlo simulation, ané=ip & 6; s weighted by using

the mean rotation length for all cases from the second rotation onwards, as opposed to the
effective rotation length for every single outcome. This approximation simplifies greatly the
computation of LEV by allowing a negligédgproximation error.

In this setting, the forest owner is solely interested in maximizing the financial net return: The
forest owner maximizes LEV with respedt{®). This setting assumes that the management
remains the same over time. In equation (8% assumption implies that the forest owner gets

a certain gain on the first rotation and then from the second one the forest owner gets an
expected gain based on an average rotation leHfh

In the context of mitigation of climate change, we also considered carbon sequestration in our
economic analysis in order to compare LEV maximization and carbon storage maximization. In
this setting, the forest owner is also rewarded for provedicarbon services on a yearly basis.

This subsidy depends on changes in carbon stocks. Therefore, the forest owner pays a tax when
the forest stand is harvested. To compute the benefits from carbon sequestration, we considered
the additional carbon staten the standing timber, the soil and the wood products, and under
three different cdoon costs (detailed in Sectior2.3.2). We assumed also that the carbon
sequestered in wood products is never released.

The financial net return provided only by timipgoduction is denoted LEVANd the one
considering timber production and carbon sequestrationr:tEVEM and LEY:c were
maximized by computing their respective optimal stand agjy@nd N-+c*, at which the even
aged stand is cleaut or at which th&EV equilibrium is reached for unexaged stand.

2.2.3.2Carbon price scenarios

We considered three carbon costs, which are related to three different carbon accounting
methods.

First, the market value of carbon is the current real carbon pricaultsrgem the purchase of
certified credits by a certification entity in order to offset carbon emissions. In our case, this
implies a market or a label accounting for the carbon sequestered by forests and funding forest
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projects by the credits. In Frantke lowcarbon lab&lwas created in 2018. It is based on
voluntary participation by project leaders and funders (companies, local authorities). The project
(afforestation, reforestation, conversion to enhance carbon sequestration) goes through an
official certification process and accounts for the carbon it avoids or sequesters. The carbon price
C2A°TA 2" AAp°s, AA At po - TATA AAAST AR uTATenoe, Ag A
with forestry experts, it appears that carbon prices rangeSrtob0 EUR/C wth a majority

of projects using price of 20 to 30 EUR/tC. We chose to use the average price of 28 EUR/tC.

Second, the shadow price of carbon is an estimate set according to the targeted level of emissions.
It results from the optimal disbution of carbon emissions abatements across all economic
sectors. It is the minimum cost to be paid by society to achieve the objective set (Quinet, 2019).
In 2018, the French shadow price was 54 EUR/C and this value was used in our analysis. To
achieve the goal of carbon neutrality, this shadow price should increase to reach 775 EUR/tC by
2050.

Third, the social cost of carbon is also an estimate resulting from the equality between the
marginal cost of GQ@batementi(e, the costs of emissions retioic) and the marginal cost of

damage i(e.,the benefit of future avoided damage due to this reduction). The social cost of
"2A3As OA -2 TAA°H2AT A Arg AAA2Yv:, "AAA Arthat B dpdwed, ¢ TA2ZA
oo AA Arq 20A— T AE 22004} dnuourkcfigk sidys it gives the total value of avoided
damage caused by the flow of carbon to the atmosphere in the case of potential total
deforestation. We chose to use the floor value of 125 USD/tC (about 110 EUR/tC) proposed by
Van den Bergh arigbtzen (2014).

3. Results

3.1 Effect of drought recurrence on optimal rotation length, tree mortality, carbon

sequestration, and LEV

Table 11.2 shows the results of the optimisation ofdtetion lengthtaking into account only
timber production Kt*) andthe onetaking into account both objectives of timber production
and carbon sequestratiomNt¢c*), as well as results in terms of mortality and carbon
sequestration.

First, beech (Baseline_B) has a greater optimal rotation leNgthaid Nr+c*) than oak
(Baseline_0O) in current conditions. A greater recurrence of drought as induced by the RCP 4.5
and 8.5 causes a decrease of both optimal rotation lédgthsd Nr+c* in everaged beech

stand B_EA and everaged mixed stand with a ratio be@ak of 5:50 Mix50_EA). On the

other hand, it increases the optimal rotation length of-aged mixed stand with a ratio beech

oak of 25:75 (Mix25_EA) and 75:25 (Mix75_EA). All uageenstands (B_UA, Mix25_UA,
Mix50_UA, and Mix75_UA) settle down at a commaloe vf 220 years that corresponds to the

end of the simulation.e.,they are not affected by drought recurrence.

8 _ 2391 2A 2A3A;T—
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Table I1.2: Optimal rotation length considering the objective of timber proNet)cand both
economic objectives of timber produdiod carbon sequestratiddr(c*) with a discount rate

of 2% and a carbon price of 54 EUR/tC, average yearly mortality rate of trees in pefégntage (
and the total mortality in cubic meters’(nand total carbon sequestrated in tons (aboveground,
belowgound and in wood products) for each scenario.

Optimal rotation

length Mortality Carbon
Scenario N* Nr+c* % md
pagT Baseline b 135 135 0.55 27 221
Baseline_( 115 95 1.03 10 195
B_EA 125 125 0.62 26 189
Mix25 EA 117 117 1.55 14 173
Mix50_EA 117 117 1.71 14 170
Mix75_EA 117 117 1.85 16 168
RCP 4.5 ya 220 36 0.31 51 121
Mix25 UA 220 220 0.87 25 99
Mix50_UA 220 220 0.95 28 99
Mix75 UA 220 220 1.04 31 96
B_EA 90 90 0.79 16 157
Mix25_EA 160 160 1.32 21 121
Mix50_EA 105 100 1.93 14 143
Mix75_EA 150 150 1.28 23 123
RCP 8B ya 220 36 0.41 37 109
Mix25 UA 220 220 1.24 20 89
Mix50_UA 220 220 1.31 23 88
Mix75 UA 220 220 1.25 28 89

Second, oak has a greater average mortality rate thah Weeurrent conditions, reversely
regarding the total mortality in cubic meters. The more recurrent the drought induced by climate
change, the higher the mortality rate and reversely for the total mortality of scenarios.

Third, oak stands sequestrate mdhan beech stands in current conditions. The greater
recurrence of drought decreases carbon sequestration.

Fourth, Table 11.3 shows the percentage of gain and loss compared to the baseline (Baseline_B or
B_EA). Oak provides a higher economic return besmth in current conditions. A greater
recurrence of drought decreases LEV, except for Mix25_EA and B_UA from a carbon price of 54
EUR/C.
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Table 11.3: Variation of LEV considering only timber production (T) or with carbon sequestration
(C) for a carbonrpe of 28 EUR/MC, 54 EUR/tC, 110 EUR/C of each scenario compared to the
baseline of beech (Baseline_B or B_EA) in percentage, for RCP 4.5 ahd RCP 8.5

LEVr+c
28 EUR/C 54 EUR/MC 110 EUR/IC
PAST Baseline_B - - - -

Scenarios LEW

Baseline_C 251 244 241 234
RCP 4.EB_EA - - - -
Mix25_ EA 31 31 30 30
Mix50_EA 40 39 39 37
Mix75_EA 38 38 37 36
B_UA 32 27 42 226
Mix25_UA 290 274 259 232
Mix50_UA 210 197 186 164
Mix75_UA 92 84 77 64
RCP 8.£B_EA - - - -
Mix25 EA 177 141 115 75
Mix50_EA 5 -1 -4 -3
Mix75_EA -5 -17 -26 -39
B_UA 94 69 93 289
Mix25 UA 480 405 351 266
Mix50_UA 360 300 257 190
Mix75_UA 179 143 117 76

3.2. Effect of diversification and combined diversification on optimal rotation

length, tree mortalitycarbon sequestration and LEV

First, in Table 1.2, the scenarios of composition diversification (Mix25/50/75_EA) have a lower
optimal rotation length compared with the-adaptation scenario (B_EA). The scenarios of
structure diversification (B_UA) andrdaned diversification (Mix25/50/75_UA) have a higher
optimal rotation length than the baseline in the more optimistic climate scenario (RCP 4.5). In
the more pessimistic climate scenario (RCP 8.5), adaptation provides a higher optimal rotation
length tharthe baseline.

Second, the scenario of structure diversification has a lower average mortality rate than the
baseline, whereas the scenarios of composition and combined diversification have a higher one.
Regarding the total mortality, it is more heterogeise Both mortality parameters increase with

the proportion of beech mainly in RCP 4.5.

®We performed a classical sensitivity analysis to evaluate the impact of changes in the discount rate on each scenario
analysed. The results of the analgsésprovided in the Supplementary Material Section (E).
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Third, no adaptation scenario provides a better carbon sequestration than the baseline and the
worst case is the combination of strategies.

Fourth, in Table 11.3, thieest economic return is provided by uneagad mixed stand with a

ratio beeckoak of 25:75 (Mix25_UA), except in RCP 8.5 with a carbon price of 110 EUR/C
(B_UA). The scenario of combined diversification still provides the best economic return
compared wh the scenarios of composition and structure (except for the ‘meémtéoned

case) diversifications.

3.3.Effect of carbon price on optimal rotation length and LEV

First, in Table I1.2, considering one of the two or both objectives does not affedtrofz#inon

length of beech. While LEYis higher than LEYNr+c* is less than or equal to"N Considering

one of the two or both objectives does not affect optimal rotation length of scenarios, except for
B_UA, and Mix50_EA in the more severe clisw@erario (RCP 8.5) for whibh.c* is lower

than N*.

Second, in Table I1.3, the higher the carbon price, the higher the LEV but the lower the percentage
of gain. The carbon price has more impact on the economic return of structure diversification
than theother strategies: Under a price of 110 EUR/tC, B_UA is the best scenario in RCP 8.5 and
the second best the smaHltemperature increment scenario (RCP 4.5). In RCP 4.5, adaptation

is always a good strategy, while it can be the worst opggmaladatation in RCP 8.5. More
precisely, integrating a carbon price increases the number of maladaptation scenario (Mix75_EA
only, then with Mix50_EA).

4. Discussion

4.1 .Diversification is a good adaptation option to reduce drongdiited riskof

forest dielhckfrom an economic perspective

Results vary according to drought recurrence and the related climate scenario, the discount rate,
the forest economic objectives, and the carbon price (Tables 1.2 and 11.3). The heterogeneity of
the results can be explathéy the fact that mixtures introduce new interactions, but not
necessarily additive ones. This illustrates the fact that the difference in productivity between
diversified stands and monocultures is unclear (fefirzd, 2018).

However, considering the neooptimistic climate scenario (RCP 4.5), diversification increases
LEV. Regarding the more pessimistic one (RCP 8.5), there is a risk of maladaptation and thus a
decrease of LEV compared to theadaptation option. The results corroborate our first
hypohesis for structure diversification and combined diversification. This is in line with Muller

et al (2019) showing uneveaged stands as more ceffiective than eveaged ones and papers
proposing to combine different strategies, among which speciesemioxtope with storm risk
(Jonssomrt al, 2015). On the other hand, composition diversification is still unclear. Only even
aged mixed stands with a ratio beeélk of 25:75 (Mix25_EA) seem to be a good adaptation
option among the three scenarios of position diversification tested. Optimising species

-82-



CHAPTER Il

proportions according to forest management objectives before analysing them and instead of
fixing them should improve future studies. Moreover, testing different species in mixtures and
optimising alsohte number of species in the stand could be included as well.

4.2.Diversification and combining both diversification strategies lead to synergies

From an economic perspective, the combination of different strategies can be more beneficial for
the forest wner than each strategy separateb/,synergies between adaptation strategies can
appear. We tested this hypothesis through the Pretzsch and Schiitze framework (2009). The
framework and the resulted tables are provided in the Supplementary Mateiaal &g ct

Diversifying the stand and combining both diversification strategies can lead to synergies on
timber volume, which are emphasized by a greater recurrence of drought: From 28% in RCP 4.5
to 85% of scenarios in RCP 8.5 show synergies. Some syappgas as well as on LEV
depending on the discount rate (from 14% for 1% to 100% for 4%). Indeed, complementarity
can occur between beech and @apateret al, 2011and in tree structureJ(ckeset al, 2015)
resultingin a greater water uptake thante different vertical rooting pattern among species
(Zapateret al, 2011). The results corroborate our second hypothesis.

4.3.Financial balanoes. carbon balance

Diversification decreases carbon sequestration (Table 11.2), contrary to the réSuiis anid

Potvin (2007) and Langg al.(2015) Adaptation to drougkinduced rislof forest diebackill

be in conflict with mitigation of climate change. Our result does not allow us to determine
whether tradeoffs between the financial balance and #énkean balance are possible or not: The
third hypothesis is rejected. It would be interesting to study further different strategies and their
tradeoffs between adaptation and mitigation of climate change. For this, we need also to
integrate different climta changeelated risks in our analysisg, multirisks analysis).

4.4.Valorising carbon decreases the optimal rotation length and increases LEV

When considering timber production aloNe*}, the optimal rotation length is either more than

or equal ® the optimal rotation length observed when considering the objectives of timber
production and carbon sequestration joinMy.¢*). This result is not in line with the common
literature (Van Kooteeat al, 1995; Pajot, 2011) generally showing an inaéas@tion length

when carbon services are taken into account in addition to timber production and it does not
allow integrating carbon payment as suggestd&tétgavAmoreset al (2019) However, Akao

(2011) explains that rotation lengths can becbonges when the forest function of sequestering
atmospheric carbon is more important than the one of postponing sequestered carbon release.
Moreover, Akao mentioned also that the shorter case is likely to occur when the harvested wood
products store the gaestered carbon for many years, which is our case. Therefore, optimising
only timber production already integrates optimal carbon services. Additionally, carbon
valorisation strategies can decrease the rotation length at the same time, which is th line wi
adaptation recommendatiorSg(ttlehouse and Stewart, 2003)
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Integrating carbon value also increases the value of forest stand (LEV), even more so when
adaptation is applied. This shows the importance of considering carbon in our analysis and it
corrolorates our fourth hypothesis. When we integrated the carbon stored in wood products in
addition to the remaining aboveground and belowground carbon in forest stand, we found that
the carbon price had little impact on the scenario that resulted in tlebesmic return. Mixed
forests will generate a mixed supmyg( in volume, species, quality): Integrating future use of
wood products, which may have different lifetimes, may improve our analysis. This would make
it possible to consider at the same tiheeeffect of the timber production of forest owners with

the economic consequences on the downstream of the wood chain through different wood
products. Moreover, timber market currently fluctuates and climate change will enhance this
fluctuation (Favercet al, 2018): An extension of our study could be to include different
trajectories of timber and carbon prices as well.

4.5.Limits and perspectives of the study

In the model, management decisions are driven by basal area and dominant tree dianteter, whic
are the commonly used criteria in forest management. Nevertheless, there was no possibility to
maintain diversity,i.e., the proportions of each species and each tree diameter class. A
consequence of the first point was the increasing proportion of, laseittactually occurs in

forest stand (Von Lipke, 1998). The LEV of the adapted stands can thus be higher than estimated.
However, this undeestimation can be counterbalanced by the uad@émation of drought

effect.

The droughinduced dieback was nald as a probability of direct overmortality, which does

not include the posirought effects (Powest al, 1995). Moreover, on the computation of
drought recurrences, we assumed that the future climate regardless of the RCP will result in the
same watebalance whatever the structure and the composition of stands, which is not correct.
Thedifferent vertical rooting pattern of beech and oak (Zapatdr 2011) and the differeletaf

area index (LAI) between mixed and pure stands (Jemad 2011)ead to different water

uptake in the saqilAll these elements should be included in further studies, which require more
0 CTAAC 2A0A; A %°ETn AA2; uA“ 1"A%A Ef

While diversification can be a good adaptation strategy, the #rmawis also important: The
implementation of these silviculture treatments currently lacks management knowledge and
skills and requires further investigation. In addition to this, we studied two types of
diversification. Another one can be to introduce genetic variability witikenliffgovenances of
species (Lefevet al, 2014).

5. Conclusion

Extreme drought events, increasing the tree mortality, result in losses of timber production and
carbon sequestration. When considering timber production alone, our study showed that
optimizing rotation lengths increases the value of both timber and carbon services. One of the
originalities of this study was to examine two types of diversification: structure diversification
and composition diversification. Another originality was the cotidnnaf stochastic
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simulations with a frequently used economic approach. Indeed, our study examined the
E¢ TAA20, AE A- -AATAA AELTAA ATCYT ¢ A£TA AT%2ATu AA -AAT/
two climate scenarios. Our study showed that divetsificecomposition and structure) could

be a good option to reduce drougiduced rislof forest diebacknd leads to some synergies in

terms of timber productivity (timber volume) and economic value (timber production with or
without carbon valorisation)The heterogeneity of our results showed the importance of
considering a variety of criteria, climate scenarios, and ecosystem services. To complement our
results, future research could study other species and explore additional types of diversification
and ecosystem services, such as partitioning between blue and green water. Further studies
should also investigate different strategies and associateebtfadetween adaptation and
mitigation of climate change in a mulgks analysis. Finally, to bdeetive, adaptation of the

forest stand need to be integrated to the entire forest sector. As mixed forests will generate a
mixed supply, the impact of adaptation strategies on the entire wood chain should be investigated
as well.
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Supplementary material

A. Drought recurrences definition

The recurrences of drought events were defined from daily soil water content computed through
BILJOU®.

Water balance calculations have been performedrémresentative beech stand of Gr&isd
region with a medium site fertility.€.,available soil water content of 100 mm and leaf area
index of 5.5) and for the reference climate, RCP 4.5 and RCP 8.5 (data from ARPEGE model).

We assumed that the same wdialance results from future climate regardless the RCP and
regardless to stand composition and structure.

B. Creation of fictive stands

We created a fictive stand for each management scenario. More precisely, mixed stand of beech
and oak has the samendéy as in monoculture: The introduced species substitutes a part of the
current species in the stand (25, 50 or 75%).

Concerning diversification by structure, the stand is defined as a homogeneousged\me
according to the structure triangle iretkrench forest management. It corresponds to a share

of stand basal area by three different diameter classes. In our study, stands are composed of
roughly 30% of trees with a DBH of 17Z/.5 cm, 45% of trees with a DBH of 24%.5 cm,

and 25% of tres with a DBH of more than 47.5 cm.

C. Simulation of forest management

MATHILDE's buiin harvest algorithm requires some bounds in terms of basal area to
implement the management scenarios. The bounds are shown in the following table:
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Table II.C.1:d&8al area bounds (m%ha) that were used in the different management scenarios
(source: CRP¥. The bounds are age dependent forayed management scenarios. n/a: not
applicable.

Management scenario Stand age (yrs) Bounds (rha)

Evenaged beech 0-50 [14, 18]
50-70 [18, 22]

70 until final cut [22, 26]

Evenaged oak 0-50 [14, 18]
50 until final cut [18, 22]

Evenaged mixed stand 0-50 [14, 18]
50 until final cut [18, 22]

UneveRraged beech n/a [14, 18]
Unevenraged oak n/a [12, 16]
Uneveraged nixed stand n/a [12, 16]

D. MATHILDE and CAT

MATHILDE is aistanceindependent individuddased model thatimulates forest dynamics

(Fortin and Manso, 2016YIATHILDEs fitted to data from a large network of permanent plots
measured over the 192807 period. It is designed to simulate exaged and uneveaged

stands as well as pure and mixed stands of beech and sessile oak in Northern France. More
precisely, it predicts tree mortality, the diameter increment of survivors and the recruitment of
new trees over fivgrear growth periods. The model is composed of differesmhedbls, which

are illustrated on Figure 11.D.1.

The climate suimodel is fitted to data from SAFRAN model over the2lA50period. It predicts

the mean seasonal temperature ovegriod, depending on the initial year of the period and the
occurrence of drought during the period. The growing season temperature is controlled by a
parameter driving its increase. This parameter depends on the given climate scenario and
changes when aalnght occurs during the period.

The mortality submodel encompasses many explanatory variables such as tree species, diameter
at breast height (DBH, 1.3 m in height), basal area of trees with DBH larger than the subject tree
as well as the occurrence abaight, windstorm and harvesting (Marg@l, 2015a). The effects

of drought and windstorm are the average of those observed over the last 60 years.

The diameteincrement submodel predicts the increment of a given tree over a period (Manso

et al, 2015h The explanatory variables are tree species, DBH, basal area of trees with DBH
larger than the subject tree, plot basal area, harvest occurrence, and mean seasonal temperature
during the time interval.

The submodel of tree recruitment predicts the numbgtrees that cross the threshold of 7.5
cm for each species. The explanatory variables are-tipeeikks basal area as well as the basal

10 Regional Center for Privateébwned Forests.
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area of the species. In addition to the aforementionedhedbls, MATHILDHsa includes a
model of heightliameer relationships (Fortiet al, 2019).

Figure 11.D.1: Flowchart of the subdels composing MATHILDE.

MATHILDE is designed to simulated forest growth from inventory data in a stochastic manner
using the Monte Carlo technique. This method providesdiction of the stand evolution as

well as the uncertainty associated with this prediction. Confidence interval bounds are derived
using the percentile rank method (Efron and Tibshirani, 1993). The model implements an
algorithm that triggers the harvestibgsed on plot basal area and a target dominant diameter,
i.e.,the mean diameter of the 100 thickest trees per hectare. Once the harvesting is triggered, a
submodel of tree harvest predicts the probability that an individual tree is harvested (see Manso
et al, 2018).

MATHILDE is implemented in the CAPSIS platform (DWfowalskiet al.,2012), which

contains a carbon accounting tool (CAT, Pichanaiudl, 2018). CAT allows for the
representation of complex emission life cycles inherent to managsd.firtakes into account

the main issues related to carbon accounting tools, such as the numerous uncertainties, risk of
carbon leakage and double counting. The assessment of the carbon balance is also supported by
built-in Monte Carlo error propagationethods. In addition to the IPCC standards, CAT also
provides estimates of
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() cumulative material and energy substitution, that is the greenhouse gas
emissions avoided when a harvested wood product (HWP) replaces an alternative
product;

(i) cumulative fossilel carbon emissions during the life cycle of the different HWP;

(iif) the accumulation of netlegradable HWP at solid waste disposal site (SWDS),
and

(iv)cumulative methane (GHemissions caused by the degradation of HWP at
SWDS. By default (seaerobic conditias), CAT assumes that 25% of the carbon
emitted from the SWDS is methane. The-chegradable part of carbon that
accumulates at a SWDS is assumed to be permanently sequestered.

Simulations are run by default under global warming potential factors oftthastessment
report on climate change (IPCC, 2013). Results are exported in carbon units with the probability
level of the confidence intervals equal to 0.95 by default.

References
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MansoR., Ningre, F., and Fortin, M. (2018). Simultaneous prediction-tdy@band tredevel
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E. Land expectation value and sensitivity analysis of discount rate

We perforned a sensitivity analysis of discount rate. The results are presented in Table II.E.1 and
are ranked by their economic return (LEV) for each climate scenario. The detailed gain and loss
compared to the baseline (Baseline_B and B_EA) are provided ihH&ble |
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Table II.E.1: Scenarios code ranked by their economic return for each climate scenario (past, RCP
4.5 and RCP 8.5) and for four discount rates (1%, 2%, 3%, and 4%). The four tables correspond
to LEV considering only timber production (T) (tdp ¢efwith carbon sequestration (T+C) for

a carbon price of 28 EURAC (top right), 54 EUR/tC (bottom left), and 110 EUR/tC (bottom right).
Each management scenario is related to a colour.

T 0.01 0.02 0.03 0.04 T+C_28 0.01 0.02 0.03 0.04
PAST Baseline_(C Baseline_( Baseline_( Baseline_( PAST Baseline_C Baseline_C Baseline_( Baseline_(
Baseline_E Baseline_E Baseline_E Baseline_E Baseline_E Baseline_E Baseline_E Baseline_E
Mix75_EA Mix50_EA
Mix50_EA Mix75_EA
Mix50_EA Mix25_EA Mix50_EA Mix25 EA
RCP 4.5 Mix50_EA Mix75_EA RCP 45 Mix50_EA Mix75_EA
B_UA Mix75_EA Mix25_EA B_UA Mix75_EA Mix25_ EA
Mix50_EA [B_UA Mix50_EA Mix25 EA
Mix75_EA Mix25_EA[B_UA B_UA Mix75_EA B_UA B_UA B_UA
Mix25_EA B_EA B_EA B_EA Mix25 EA B_EA B_EA
Mix25_EA Mix25_EA
Mix75_EA Mix25_EA Mix50_EA Mix25_EA
RCP 8.5 Mix50_EA Mix25_EA RCP 8.5 B_EA Mix25_EA
B_EA B_UA B_UA B_UA Mix75_EA B_UA B_UA B_UA
Mix50_EA Mix50_EA Mix50_EA B_EA B_EA B_EA
B_UA B_EA B_EA B_EA B_UA Mix50_EA Mix50_EA Mix50_EA
Mix25_EA Mix75_EA Mix75_EA Mix75_EA Mix25 EA Mix75_EA Mix75_EA Mix75_EA
T+C 54 0.01 0.02 0.03 0.04 T+C 11¢ 0.01 0.02 0.03 0.04
PAST Baseline_C Baseline_( Baseline_(C Baseline_( PAST Baseline_(C Baseline_( Baseline_( Baseline_(
Baseline E Baseline E Baseline E BaselineB Baseline E Baseline E Baseline E Baseline E
Mix50_EA Mix50_EA
Mix75_EA Mix75_EA
B_EA Mix50_EA Mix25_EA Mix25_ EA
B_UA B_UA Mix75_EA RCP 4.5

RCP 4.
Mix50_EA Mix25_EA Mix50_EA Mix75_EA B_UA

Mix50_EA Mix75_EA Mix50_EA Mix75_EA Mix25 EA
Mix75_EA Mix25_EA B_UA B_UA Mix75_EA Mix25_EA

Mix25 EA B_EA B_EA B_EA Mix25 EA B_EA B EA B_EA
Mix25_EA B_UA B_UA Mix25_EA

B_UA Mix25_EA

RCP 8.5 B_EA Mix25 EA RCP 8.5 B_EA Mix25 EA
Mix50_EA B_UA B_UA B_UA Mix50_EA Mix25_EA
Mix75_EA B_EA B_EA B_EA Mix75_EA B_EA Mix50_EA B_EA

Mix50_EA Mix50_EA Mix50_EA Mix50_EA B_EA Mix50_EA
Mix25 EA Mix75_EA Mix75 EA Mix75 EA Mix25 EA Mix75 EA Mix75 EA Mix75 EA
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Table II.E.2: Variation of LEV (in percentage terms) of each scenario compared to the baseline of
beech (Baseline_B or B_EA), for RCP 4.5 and RCP 8.5 and for four discount rates (1%, 2%, 3%,
and 4%). The four tables correspond to LEV considering only timber production (T) (top left) or
with carbon sequestration (T+C) for a carbon price of 28 EUR#tEdt), 54 EUR/AC (bottom

left), and 110 EUR/tC (bottom right).

T Scenarios 0.01 0.02 0.03 0.04 T+C_28 Scenarios 0.01 0.02 0.03 0.04
Baseline_t - - - - Baseline_E - - - -
PAST Baseline (211 251 317 376 PAST Baseline (205 244 313 362
B_EA - - - - B_EA - - - -
Mix25 EA -83 31 349 1202 Mix25 EA -78 31 337 1075
Mix50_EA -79 40 374 1285 Mix50_EA -76 39 365 1150
Mix75 EA -81 38 372 1287 Mix75_EA -76 38 359 1133
RCP % B_UA -54 32 154 349 RCP 4.5 B_UA -54 27 144 304
Mix25 UA 73 290 622 1157 Mix25 UA 77 274 595 1030
Mix50_UA 20 210 483 920 Mix50_UA 21 197 461 818
Mix75 UA -40 92 271 552 Mix75 UA -40 84 257 486
B_EA - - - - B_EA - - - -
Mix25 EA -33 177 643 1691 Mix25 EA -41 141 549 1468
Mix50 EA 7 5 3 2 Mix50 EA1 -1 -2 -3
Mix75_EA 12 -5 -17 -24 Mix75_EA -2 -17 -27 -33
RCP 8.2 B _UA -22 94 222 391 RCP 8.5 B _UA -32 69 181 330
Mix25 UA 230 480 823 1283 Mix25 UA 195 405 706 1111
Mix50_UA 110 360 646 1026 Mix50_UA 82 300 552 886
Mix7s UA -7 179 369 612 Mix75 UA -19 143 309 523
T+C 54 Scenarios 0.01 0.02 0.03 0.04 T+C 11(Scenarios 0.01 0.02 0.03 0.04
Baseline_F - - - - Baseline_E - - - -
PAST Baseline (199 241 308 350 PAST Baseline (186 234 284 322
B_EA - - - - B_EA - - - -
Mix25 EA -74 30 326 953 Mix25 EA -65 30 259 767
Mix50_EA -72 39 353 1020 Mix50_EA -64 37 281 820
Mix75_EA -72 37 347 1004 Mix75_EA -64 36 276 808
RCP 4.t B _UA -16 42 146 271 RCP 4.5 B _UA 96 226 403 647
Mix25 UA 79 259 571 910 Mix25 UA 79 232 453 725
Mix50_UA 20 186 442 720 Mix50_UA 15 164 346 569
Mix75 UA -40 77 245 424 Mix75 UA -43 64 184 328
B_EA - - - - B_EA - - - -
Mix25 EA -48 115 481 1312 Mix25 EA -57 75 374 1009
Mix50 EA -3 -4 -4 -1 Mix50 EA -5 -3 0 0
Mix75 EA -13 -26 -35 -40 Mix75_EA -29 -39 -38 -39
RCP 8.2 B_UA 39 93 178 313 RCP 8.5 B_UA 180 289 461 700
Mix25 UA 170 351 622 991 Mix25_ UA 138 266 488 757
Mix50_UA 63 257 483 788 Mix50_UA 40 190 375 598
Mix75 UA -28 117 266 461 Mix75 UA -41 76 199 341

-05-



CHAPTER Il

F. Synergy analysis of adaptation strategies

First, the overyielding is defined as a higher observed para@efgn the mixed stand than
the expected paramet&; - s(Pretzsch an&chutze, 2009).e,

206P Bire * 206P M& EM&s

whereqi andgz are the respective mixing proportions of species 1 and species2arzohe:
the respective parameter of species 1 and species 2 in monoculture

Then, a transgressive overyielding of the mixed stand can be observed, when the observed
parameterz, (; s higherthan the parameter of both species in monocul®jen@P.) (Pretzsch
and Schitze, 2009)e,

208P % =3 @y 0P %
The tested parameters were the total volume harvested and the land expectation value. The
results are presented in Tables Il.F.1 and Il.F.2. An overyielding is represented by a coefficient of

1 and a transgressive overyielding by a coeffafiér. An absence of overyielding is represented
by a coefficient of 0.

Table II.F.1: Results of the tested synergy of mixed stands in total volume harvested characterised
by overyielding (coefficient 1) or transgressive overyielding (coefficierdldsgrare (coefficient
0) for each scenario and considering four discount rates (1%, 2%, 3%, and 4%).

Scenario 0.01 0.02 0.03 0.04
B EA
Mix25 EA
Mix50 EA
Mix75_EA

RCP 4.5 B_UA
Mix25_ UA
Mix50 UA
Mix75_UA

0 1

OO OO0 O0OOo
OpPb p OO OO0

B_EA
Mix25_ EA
Mix50_EA

Mix75_EA

RCP 8.5 ya 0 0 0 O
Mix25 UA 0 1 1 1
Mix50 UA 0 1 1 1
Mix75 UA 0 1 1 1
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Table I.LF.2: Results of the tested synergy of mixed stamdEV considering only timber
production (T) or with carbon sequestration for a carbon price of 28 EUR/tC, 54 EUR/tC, and 110
EUR/C, characterised by overyielding (coefficient 1) or transgressive overyielding (coefficient 1+)
or absence (coefficientf@) each scenario and considering four discount rates (1%, 2%, 3%, and

4%).
0.01 0.02 0.03 0.04

Scenario T 28 54 110 T 28 54 110 T 28 54 110 T 28 54 110
BEA - - - - - - - - - - . ..
Mix25 EAO O 0 0 0 0 0 0 1 1 1 0
Mix50 EAO 0 0 0 0 0O 0 0 1 1 1 1

RCPMiX75 EA0 0 0 0 0 0 0 O 1 1 1 1

45 BUA 00 0 0 00 0 12 1 1 1f8% 1 1 1
Mx25 UAO O 0 0 0 O 0 O 1 1 1 1 1 1 1 1
Mx50 UAO O 0O 0 1 1 0 0 1 1 1 1 1 1 1 1
Mx75 UAO O O 0O 00 0 O 1 1 1 0 1 1 1 0
BEA - - - - - - = - - - - - . .
Mix25 EAO 0 0 0 0 0 o0 o [ e
MixX50 EAO 0O 0 0 0 0 0 0O 0 0O O O 0 O O O

RCPMiX75.EA0 0O 0 0O 0 0 0O O 0 0 0 O O O O O

g5 BUA. 00 0 1 00 0 1 1 1 1/% 11 1M%
Mx25 UAO O 0 0 1 1 1 0 1 1 1 1 1 1 1 1
Mx50 UAO O 0 0 1 1 1 1 1 1 1 1 1 1 1 1
Mx75 UAO O O 0O 00O 0 O 1 1 1 0 1 1 1 0
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Composition diversificationvs. structure diversification:
How to conciliate tinber production and carbon
sequestration objectives under drought and windstorm

risks in forest ecosystems
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Abstract

Forests provide ecosystem services such as timber production and carbon sequestration.
However, forests are sensitive to climate chaigehe pace of climate change continues to
accelerate, climaiaduced damages are expected to cause substantial amenity losses for the
society, in addition to financial losses for forest owners. Forests in theEStaadion, France,

are dominated by UWEopean beech, for which a decline in productivity is anticipated due to
repeated drought events induced by climate change. These forest ecosystems are also threatened
by windstorm events. Tree species diversification is one of the many forest management
strategies that can help beech forests to adapt to increased riskseotisawgint and windstorm
events.This article presents the results of a study that compared different forest adaptation
strategies from an economic perspective with the objectieduoe droughtand windstorm

induced risks of dieback. In this study, two types of diversification strategies were analysed, first
separately then jointly. These are: mixing beech with oak (composition diversification) and
shifting from an everaged to anunevenaged forest (structure diversification). We also
considered two types of loss associated with different recurrences of drought and windstorm
risks, namely financial loss and reduction of carbon sequestration capacity. We combined a forest
growth sinulator with a forest economic approach through the computation of land expectation
value (LEV). The maximisation of the LEV criterion made it possible to identify the most
economically effective adaptation strategies. Results show that diversificagiaseme¢imber
production and LEV, but reduces carbon storage. The two risks as well as the adaptation
strategies show some synergies. Finally, ioffidebetween the financial balance and the carbon
balancei(e.,adaptatiorvs. mitigation) are achievable.

Keywords: Forest; Drought; Windstorm; Adaptation; Climate change; Mixture; Economics;
Multi-risks; Carbon.

IArticle presented at the following conferences:IXévhational Union of Forest Research OrganizafibfRQ
World Congress (Curitiba, Brazil, 201Symposium FORRECAST "Adapting forests to climate change" (Toulouse,
2019).
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1. Introduction

Drought is a major disturbance affecting forest health worldwide (Zierl, 2004tAdleR010).

In Europe, trees are suffegifrom severe droughts occurring especially in early summer (Bréda
and Badeau, 2008), which result in a decrease of biomass production and in an increase of tree
mortality (Seidkt al, 2011). Droughhduced damage implies economic losses for forestoowne

and a loss of amenities.g, carbon sequestration) for the society. These impacts could become
even more important in a near future as the frequency, duration, and intensity of extreme natural
events is likely to increase with climate change @dale 2001).

During any given rotation, forest stands can be affected by several hazards. In France, droughts
and windstorms are the two main damaging abiotic risks (Roetaallt 2006; Bonnesoet

al., 2013pffecting the overall carbon sequestratapecity of forests (Thurigt al, 2013)Like

droughts, severe windstorms negatively affect forest health, damaging forest stands especially in
winter and late autumn (Valinger and Fridman, 2011). Giverotkat €cosystems playnajor

role in mitigathg the effects of climate change through carbon sequestration, there is growing
concern about how this mitigation capacity can be maintained as risks increase (toaatelli

2010; Kolstromet al, 2011). In this context, investigating the cumulatiy@madmof several
extreme events on forest stands can provide further insight into potential adaptation strategies.

As the natural and spontaneous forest adaptation process is unable to keep up with the pace of
climate change, wedlited forest managemerntaegies need to be implemen{&pittiehouse

and Stewart, 2003) T1CTA2% AAA2AT °TA "2, 3%20;AR20, .AATAA 9§ AAE
silvicultural management (Spittlehouse and Stewart, 2003) such as reducing rotation length or
decreasing stand densifydaptation strategies generate new management costs and benefits for
forest ownergKolstromet al, 2011) and, therefore, must be suitable for all major climatic
disturbances Diversification can be used to hedge trees from climate fluctuations and
disturbances assw@ted with climate change. Tlidaptation strategy can contribute to develop

more stable forest stands. In this paper, two types of diversification strategies are compared. The
first one, composition diversification, relates to stand conposihd entails shifting from
monocultures to mixed stands with two or more species. This strategy can lead to
"TAVARTYTAZACAE oy AATY AAAAE A &ATAR, whith ik AEh, A Y0 —
increase tree resistance to damage (Lebourgenis2013; Jactet al, 2017) Indeed, ifferent

vertical rooting patterns among speaas result ira higher water uptake (Zapatgral, 2011)

and a greater wind resistance of the stand (Mason and Valinger, 2013). Mixing species can also
increasdorest productivity (Forrester, 2014) and other ecosystem services (Dairatk2012)

such as carbon sequestration (Kirby and Potvin, 2007; leargge 2015). However, it can
increasdree competition for water resources (Baetadl, 2017)eadingto lower soil moisture
availability (Grossiorcet al, 2014). The second type of diversification strategy, structure
diversification, leads to a modification of the stand structure by introducing different diameter
classes within the same stand. Movinghfeweraged to uneveaged silviculture increases the
stability of the entire stand structure (Hanewirdtadl, 2014). This strategy also enhances stand
resilience to natural hazards (Jacobsen and Helles, 2006) as the understorey trees allow for faster
recovery after disturbance (Stantwf al, 2007). However, unevaged silviculture can
increase the vulnerability of the stand as a result of the successive thinnings that reduce the
stabilizing effect of crown contact that normally takes place inageenstands (Mason and
Valinger, 2013).
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In this context, the main research question addressed in this paper is whether diversification of
forest stands can be used as an economically effective adaptation strategy in response to future
drought and windstom-induced risks of forest dieback. We propose an analysis of the economic
"AAAA 2.p 3T¢T-°AA A- p°CYTAAC.o 2A0A; AAY ik, haseGOAT -AAT/
timber production and carbon storade.the literature, few studies have dealt witihet
adaptation to climate change using an economic approach. To the best of our knowledge, only
Bréda and Brunette (2019) and Brét@aoreset al (2019; 2020) have studied the economic
impact of forest adaptation to droughtiuced risk. Additonally, e some studies have
investigated the impacts of windstorm damage on fo(Bsisetteet al, 2015; Rakotoarison

and Loisel, 201,79nly a few papers deal with forest adaptation against windstor(ddistson

et al.,2015; Mdulleret al, 2019). Moreovelimited attention has been paid to carbon loss in
addition to economic loss (Yousefpour and Hanewinkel, 2014; Bketeaeset al, 2019;

Mdller et al, 2019; BreteaAmoreset al, 2020). According to Montaghieick and Brunette

(2018), most mukhazad approaches used in other disciplines typically do not include any
economic analysis: Only Petucco and Arfidoésenech (2018) combined windstorm with
another natural risk (pests). However, as pointed out by Monrkdggi€and Brunette (2018),
Petucco and\ndrésDomenech (2018) examined these two risk factors independently,
without considering possible interactions. To the best of our knowledge, there is no previous
study examining the combined effects of drowaggid windstorminduced risks of foregieback

from an economic perspective.

The objective of this paper was to test and then to compare two types of diversifieation (
composition diversification and structure diversification) as potential adaptation strategies
aiming at reducing droughénd windstorminduced risks of forest dieback from an economic
perspective. For this purpose, we focused on beech stands in th&&reegion, France. We

used an individuabased model to simulate forest growth under two different scenarios of
climatechange, namely the representative concentration pathways (RCP) 4.5 and 8.5 (IPCC,
2013). More precisely, we tested two types of diversification that we analysed separately and then
jointly: (i) mixture of beech species with oak species and (ii) mixtdrgepént tree diameter
classesif.,unevenaged forest). We also considered the impact of droagtitwindstorm

induced risks from a strict economic standpaiuat, (financial loss) and in terms of carbon
sequestrationi., reduction in carbon se@igation capacity). The model predictions were used

as inputs in the computation of land expectation value (LEV). The maximisation of the LEV
criterion allowed us to identify the best adaptation strategy. To account for the economic value
of carbon sequestion, we considered three accounting methoesmarket value, shadow

price, and social cost of carbon. We investigated whether (i) diversification is a good adaptation
strategy to reduce droughtand windstorminduced risks; (ii)considering both rks
simultaneously impacts the results and recommendations compared to investigating each risk
separately; (iii) diversifying the stand and implementing both diversification strategies lead to
synergies; (iv) céon price has an impact on (i).
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2. Material and methods

2.1. Study area: Drought and windstorm in the GEstdegion and species of

interest

With about one third of its area covered with forestfswhich 42% are privately ownedhe
GrandEst region is one of French regions with the largesuatof forested ladd In this
region, forests are dominated by brdeaved species, such as European bEaglug sylvatica
L.), sessile oalQuercus petradaebl.) and pedunculate oaRuercus robut..). These three
species are economically importsince they represent 40% of the total timber produced in this
regior?.

In the GraneEst region, drought and windstorm occurrences constitute two major causes of tree
mortality (Rouaultet al, 2006; Bonnesoeet al, 2013). The extreme drought episod€9a@6

and 2003 caused a wide range of both sieont and longierm damages (Bréadd al, 2004).

In fact, the 2003 drought had more severe consequences than that of 1976 as the heat wave
impacts were compounded by a water shortage responsible for $toamtal and loss of
canopy refreshment (Bréad al, 2006). Given the fact that the radial growth of beech is
sensitive to edaphic drought, beech productivity is projected to decline (or its range to be
restricted) due to repeated drought episodestasga as in 200@.ebourgeoi®t al, 2005;
Charruet al, 2010). In addition to this, severe windstorms have negatively impacted the forest
sector of Grand Est region. Beforewiodent windstorms Lothar and Martin that swept across
western and centr&urope in 1999 (Bonnesoetial, 2013)the GraneEst region ranked first

in France for the production of higjuality beech timber. The 1999 windstodesastated 176

Mm?2 of roundwood; a volume equivalent to three times the French annual timber fiABSt

and IFN, 2006).

As recommended in tiv@ench windstorm crisis management plan created for the forest sector
2018, standliversification can be an option to help beech adapt to drought and windstorm
episodesHowever, the success of this strategy dipen whether the additional species have
an impact on the severity of water shortage constréimész et al, 2016). For instance, the
admixture of beech with deepoting species.é, species that take up water in deep soil layers)
such as oak (Zapatet al, 2013) or silver fir (Maght al, 2018) was found to reduce drought
stress due to the asynchronous stress reaction pattern of beech and oak ¢ZapbaRér11;
Pretzsclet al, 2013). Being more resistant than beech, oak can reduce windstaagedat the
stand level (Mason and Valinger, 2013). Moreover, mixed forests of beech and oak are common
in Europe (Pretzscht al, 2013) and represent more than 10% of the French mixed forests
(Morneauet al, 2008).

In France, the two main oak species sessile oak and pedunculate oak. The former is more
resistant to soil water shortage and competition than the latter (Raahe®ul989; Sevrin,

1997). However, sessile oaks can be more vulnerable to herbivorous game species, which may
result in highe management costs: Fencing might be needed to ensure the successful
regeneration of sessile oak forest stands (Sevrin, 1997).

250urce: French National Forest Inventory (IGN, 2019).
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2.2. Methods

We defined six manageméyased scenarios and simulated their forest growth. The model
predictions were used as uip to compute land expectation value (LEV) for each scenario.
Figure 111.1 maps all these elements, which are also described in the followsEctisnb.

Figure 1l.1: Schematic representation of the methodology: From scenario definition to economic
evaluation.

2.2.1. Scenarios tested

The six scenarios represent different combinations of tree spatistaad structures. These

are: pure and eveiaged beech/oak stand, pure and uneaggd beech stand, mixed and
unevenr/evenaged stand with a 50:50 matof beech to oak (Figure 111.1). As summarized in
Table I11.1, two baselines were simulated under past climate conditions and four scenarios were
simulated and tested under future climate conditions as determined by the RCP 4.5 and the RCP
8.5 (IPCC, 23). In addition to these scenarios, both eaged oak stands and uneaxasged oak

stands were simulated in order to test our third hypothesisthe existence of synergistic
effects between the two adaptation strategies under study.

In our simulationsthe recurrence of drought and windstorm events were considered as
exogenous variables. Regarding the drought recurrence, we followed the methodology used by
BreteavAmoreset al (2020) where the most exceptional drought evemsgvents known to

induce beech dieback during the reference period) were computed using a daily forest water
balance model BILJOU® (Gramieal, 1999) under the reference period and two RCP references
(i,e, RCP 4.5 and RCP 8.5). The drought recurrences of these three sdenatios were
estimated at 28, 13, aney8ar intervals, respectively. As far as the windstorm occurrence, we
computed the most exceptional evengs,évents inducing damages similar to those caused by

the Lothar 1999 windstorm) using Météo Franda tta the three aboweentioned climate
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scenarios. The respective recurrences were estimated at 55, 47;yaad iB8rvals. More
details on the computation of windstorm recurrences are provided in the Supplementary
Material Section (A).

Table IIl.1The six different scenarios and their respective code.

Code Scenario

Baseline_E Benchmark, current eveaged beech stand

Baseline_( Benchmark, eveaged oak stand in current conditions

B _EA Evenaged beech stand without adaptation

Mix50_EA Evenaged nxed stand with a ratio 50:50 of beech to oak

B _UA Unevenraged beech stand

Mix50_UA Uneveraged mixed stand with a ratio 50:50 of beech to oak

Rouaultet al (2006) showed that windstorms could increase tree vulnerability to drought
damage. On the othband, one of the consequences of droughfthe development of root
systems capable of taking up water stored in deep soil layers, can provide a better root anchorage
and limit the amount of windthrow in the event of windsto(Btecker, 1976). Whilleese two

studies showed some degree of correlation between the effects of windstorms and the effects of
droughts,they did not prove the existence of an ecological link between drought risks and
windstorm risks. Consequently, we considered and testadhdrand windstorm occurrences
independently. In other words, we assumed that the occurrence of a windstorm does not increase
the likelihood of a drought amnwice versaln order to test the risks separately and jointly, we
simulated the management sceaaninder drought risk and/or windstorm risk.

All of these combinations [2 baselines in past climate + (4 scenarios x 2 RCP x (drought risk +
windstorm risk + drought and windstorm risks)] yielded a total of 26 scenarios tested.

2.2.2. Forest growth simdail@n and economic analysis

From the forest growth simulation to the economic analysis, we applied the same methodology
as the one described in Bretesmoreset al (2020). More precisely, we used MATHILDE (Fortin

and Manso, 2@) - a distancendependenindividuatbased modelto simulate forest dynamics

under past climate RCP 4.5 and RCP 8.5. For each management scenario listed in Table III.1,
forest growth was simulated using the representative fictive stands developed by Bréteau
Amoreset al (2020).Since MATHILDE is known to overestimate the mortality of young trees,
which leads to inconsistent simulations for exged stands younger than 30 years (Fortin and
Manso, 2016), we chose to simulate stands from 30 years of age. Each inventory fdd contain
the tree records of 10 plots of 408 each. Simulations of scenarios were based on basal area
criteria corresponding to the type of management currently applied according to the
recommendations of the silviculture guide. MATHILDE is designed to esifordat growth in

a stochastic fashion based on the Monte Carlo technique. It also uses hawiist algorithm

to implement the management scenarios. We computed 1000 realizations for each scenario. Each
realization represented the mean evolutiothefl0 plots that compose the fictive stand. Each
growth realization was processed through a carbon accounting tool (CAT, Picleradourt
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2018) in order to simulate the resulting carbon balance. The different realizations of forest
growth and carborbalance were then analysed in terms of economic benefits. Additional
technical details on MATHILDE and CAT are provided in the Supplementary Material Section (B).

We performed an economic comparison of the adaptation strategies using Hartman's land
expecttion value (LEV) formula. The experimental design (Figure Ill.1) allowed for the following
comparisons:

= v§ LEV 3 and LEW& LEV 7: effect of drought and/or windstorm.
= vs. LEV 4 and LEWB&. LEV 8: effect of composition diversificastrategy.
A vs LEV 5 and LEW& LEV 9: effect of structure diversification strategy.

-LEV 3vs LEV 6 and LEVV& LEV 10: effect of composition diversification combined with
structure diversification.

2AAY2 A %LAUTY: %2Y (A atdthd AofBirédagendiits of Graberand amenities
production, in this case, carbon sequestration. In France, the final harvest usually occurs when
the trees have reached a-pletermined diameter or when the stem density reaches the chosen
minimum value. iese parameters are part of the bulalgorithm of MATHILDE. Given the
fact that each realization is associated with a different growtthaténal cut can be triggered
before the theoretical cuttirageT. For instance, if the growth was much fattan expected,
the trees reach their target diameter sooner, thus triggering the final cut. Likewise, if the stand
was heavily damaged by a windstorm and/or a drought, a low stem density can trigger the final
harvest.

To account for varied rotation lehgt we used a modified version of the Hartman LEV formula
(BreteawAmoreset al, 2020). Using Monte Caiimsed stochastic simulations, the expectation
of net present value (NPV) was estimated as follows:

»

< S .
'ax)zae;?L—$| 028:ec¢e:*5%;; (1)

whereb is the index of the realizations (so that y« BJ, I isthe target rotation length,
is the date of the final harvest in realizatipavhich is at best equal to the targ@eir smaller
thanTin case of early harvest.

The &pectation of LEV was then approximated by computing-ttedled doubleveighted LEV,

which consists of pooling all the realizations of a Monte Carlo simulation and using the mean
rotation length for all cases from the second rotation forwards. Theedeeighted LEV
formula reads as follows:

SI'» H 2 8: * 55 E I"\3;028:6,') :SENMH; I
_$(~)@ .9 o O 1 SEngIAlé'SEN%I’yFS

'a>'8:6;7L

(2)
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where #06; L Ag@ e o * 85, $ In fact,®06;is the mean harvest age for a targeation
lengthT. If no early harvest was triggered, th&h6; L 6 Otherwise #06; O 6

In this setup, the forest owner maximizes the dewelighted LEV with respectigT), i.e.,the

forest owner is interested in maximizing the financial net retintained from both timber
production and carbon sequestration. Additiontheyjnfinite horizon used idoubleweighted
LEVformula allows for comparing different management strategies associated with different
rotation lengths if is assumed that managpent practices remain the same over time).
According to this formula, the forest owner receives a certain gain after the first rotation, then,
from the second rotation, the forest owner receives an expected gain based on the mean rotation
length #06; (equation2). Rewards for carbon service are paid each year based on changes in
carbon stocks. Harvesting also comes with financial implications in the form of taxes paid by the
forest owner. Carbon benefits were computed based on the additidyoad seored in the
standing timber, the soil, and the wood products. The release of carbon stored in wood products
was not taken into account. We used the following three carbon costs: 28, 54, and 110 EUR/tC
(BreteawAmoreset al, 2020) as they represethie average market price gtthe French low

carbon labéf the current French shadow price, and the floor value of the social cost,
respectively. We also considered a null carbon price corresponding to neglected carbon services.
Finally, we optimised ¢hLEV as way to compute the optimal stand age at which the ayed

stand is cleacut or the LEV equilibrium for unevaged stand is reached.

3. Results

3.1. Effect of drought and/or windstorm recurrence on timber volume, carbon

sequestration, tree ontality, and LEV

For each scenario, Table I11.2 shows the results of our simulations in terms of total timber volume
harvestedi(e, timber harvested from both the thinnings and the final cut foraged stands),

total carbon sequestratede(, carbonsequestrated aboveground, belowground, and in wood
products), and mortality indicatorsg, average yearly mortality rate and dead wood volume).

Timber volume - Our results show that under current conditions, the total timber volume
harvested is largeamong beech stands (Baseline_B) than it is among oak stands (Baseline_O).
The negative effect of drought and/or windstorm risks on the volume of timber harvested can
be observed by comparing the baseline (Baseline_B) to-dldaptation scenario (B_EAheT
differences observed between the more optimistic climate scenario (RCP 4.5) and the more
pessimistic one (RCP 8.5) show that more frequent drought and/or windstorm recurrences result
in a more pronounced reduction in timber volume. Additionally, thacinof drought and/or
windstorm events appear to be more severe under RCP 8.5 than it is under RCP 4.5. Finally, our
results show a joint effect of drought and windstorm risks on the volume of timber harvested.
Indeed, more produced reductions were oleskm scenarios combining both types of risks
compared to scenarios including one type of risk only.

B_ 2391, 2 A 2A3A¢ﬂ_¢
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Table 111.2: Effect of drought and/or windstorm risks in terms total timber volume harvested in
cubic meters (f)y total carbon sequestrated in tons),(@verage yearly tree mortality rate in
percentage (%), and dead wood volume in cubic me#r8éseline (Baseline_B) is indicated

in white. For each scenario, gains/increases compared to the baseline are indicated in blue.
Losses/decreases are indida red.

Scenarios Volume Carbon%
0
c<7(> Baseline B 652 219 47 0.69
o Baseline ¢ 500 194 [F20NNINS
2 B_EA 534 189 26 0.62
E Mix50_EA | 477 170 1
2 B_UA 703 121 51
A Mix50 UA 615 [G9RN 28 0.95
@ BEA 528 191 38 0.69
an £ Mix50_EA 476 169
© g B_UA 677 119 ﬂ
? Mix50 UA 602 NGBS 43 0.96
B_EA 496 191 45 0.81
®  Mix50_EA | 453 167
O B _UA 655 119
Mix50 UA 589
2 B EA 329
% Mix50_EA 360
3 B_UA 544
A Mix50 UA 464
@ B_EA 332 155 28 0.75
o £ Mix50_EA 346
© 9 B_UA 502
9 Mix50 UA 602
B_EA
®  Mix50_EA = 331
O B _UA 479

Mix50 UA | 435

Carbon sequestration- Beech stands capture more carbon than oak stands in current
conditions. By comparing Baseline_B and B_EA, we can see that drought and/or windstorm risks
decrease carbon sequestration. The greater the reaimémnirought and/or windstorm, the

higher the decrease of carbon stored. This decrease is higher in RCP 8.5 than it is in RCP 4.5.
Most scenarios conducted under drought risk only or under windstorm risk only result in greater
carbon sequestration than sa€os conducted under both risks.

Tree mortality - Under current conditions, dead wood volume is lower in oak stands than it is

in beech stands, in contrary to average mortality rate, which is lower in beech stands than it is
in oak stands. By comparin@dgline_B with B_EA, we can observe that drought and/or
windstorm risks increase the average mortality rate (except for drought in RCP 4.5) and decrease
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the dead wood volume. Regardless of the scenario, the more frequent drought and/or windstorm
recurrene increase the average mortality rate. It increases also their dead wood volume, except
for scenarios under only drought risk. Higher mortality rates were observed under RCP 8.5
(compared to RCP 4.5) and when examining drought and windstorm risks piimgly than
separately.

Table 111.3: Effect of drought and/or windstorm in terms of land expectation value (LEV)
expressed in EUR/ha. For each scenario, for four carbon prices (0, 28, 54, and 110 EUR/tC) and
two discount rates (2% and 3%) were examineselBe is indicated in white. Gains/increases
compared to the baseline are indicated in blue. Losses/decreases are indicated in red.

Carbon price 0 28 54 110
Discount rate 2% 3% 2% 3% 2% 3% 2% 3%
Baseline_ B 1670 509 1729 525 1784 542 1902 600
Baséne O
B EA 1259 404 1316 420 1369 435 1484 528
Mix50 EA
B UA
Mix50 UA
B_EA 1170 374 1221 388 1268 401 1371 484
Mix50_EA
B _UA
Mix50 UA
B_EA 1182 381 1240 397 1295 413 1412 490
Mix50_EA
B _UA
Mix50 UA
B _EA 907 348
Mix50_EA 902 340
B _UA
Mix50 UA
B _EA
Mix50 EA
B _UA
Mix50 A
B _EA
Mix50_EA
B _UA
Mix50 UA

PAST

RCP 4.5
Storm (S) |Drought (D

D+S

Storm (S) |Drought (D

RCP 8.5

D+S

LEV - Table 111.3 shows the results of the economic analysis conducted for four carbon prices (0,
28, 54 and 11BUR/tC)and two discount rates (2% and 3%). A commasigd method was
followed to perform a sensitivity analysis and evaluate the impactmirdisate changes on
each tested scenario. The results of this analysis are provided in the Supplementary Material
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Section (C). Our results show that, under current conditions, oak stands are associated with
higher LEVs than beech stands. The comparit@aseline_B with Baseline B_EA clearly
illustrates the negative effect of drought and/or windstorm on the LEV. Concerning the
adaptation scenarios, the greater recurrence of drought decreases the LEV, contrary to the
recurrence of windstorm that increasles LEV except for unevaged beech stand (B_UA) and

low carbon prices (0 and Z2BJR/tQ. For most scenarios, more frequent recurrences of both
risks decrease the LEV.

3.2. Effect of adaptation strategies on timber volume, carbon sequestration, tree

mortality, and LEV

Timber volume- As showed in Table 11l.2, two strategissucture diversification (B_UA) and
combined diversification (Mix50_UA)were found to increase the total volume of timber
harvested compared to the baseline (B_EA). While coimpadiversification (Mix50_ EA)
increases the total volume of timber harvested under the most severe climate scenario (RCP 8.5),
it has the opposite effect under the syt@atiperature increment scenario (RCP 4.5).

Carbon sequestration- The three adaptain strategies resulted in a reduction of carbon
sequestration (Table 111.2). Relative to B_EA, composition diversification was found to have the
least severe impact on reducing carbon sequestration; combined diversification had the greatest
impact.

Tree matality - Compared to the radaptation scenario (B_EA), structure diversification is the
only adaptation strategy that was found to decrease the average mortality rate (Table 111.2).
Regarding the dead wood volume, combined diversification has a péfsitivin the following
conditions: RCP 4.5 and drought risk under RCP 8.5. Both structure diversification and combined
diversification increase the dead wood volume.

LEV- All three adaptation scenarios provide a higher LEV compared with B_EA, except for
scenario of composition diversification under drought risk in RCPe3mdladaptation case)
(Table 111.3).

3.3. Effect of carbon price and discount rate on LEV

As Table 111.3 indicates, the higher the carbon price, the higher the LEV, buteththéow
percentage of gain compared to the baseline (B_EA). In addition to this, discount rate and LEV
were found to be inversely proportional. The strategy providing the best economic return
depends on these two criteria. For a carbon price between 04aBURYtC combined
diversification appears to be the best strategy. Composition diversification is the best option
under drought and windstorm risks in the more pessimistic climate scenario (RCP 8.5) for a
discount rate of 3%. For a carbon price ofEl1BtC, the scenario of structure diversification
provides the best economic return.
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4. Discussion

4.1. Diversification can be an economically effective adaptation strategy to reduce

drought and windstorminduced risk®f forest dieback

Drought and windston risks decrease the total volume of timber harvested and carbon
sequestration capacity while increasing the average mortality rate (Table Ill.2). Both risks have
positive and negative effects on LEV (Table II.3). The impacts of drought and/or windstorm
events can be mitigated by the implementation of adaptation strategies. While timber production
increases as a result of structure diversification (B_UA) or combined diversification (Mix50_UA),
tree mortality can be reduced when either structure divatsifitor composition diversification
(Mix50_EA) are adopted. This is in line with recent results showing the positive effect of
diversification on forest productivity AAATAATA« Dt al, #D3d) AndHesistance to
drought and windstorm (Lebourgeet al, 2013Mason and Valinger, 2013; Zapetail, 2013;
Hanewinkekt al, 2014)All three adaptation strategies under study increase the LEV, a result
that corroborates our first hypothesis. However, they all resrdtitececarbon sequestrain,

which is contrary to the results observe&bhy and Potvin (2007) and Larggeal. (2015, but

in line with a more recent study by Brétdemoreset al. (2020). Nonetheless, this study
demonstrates that adaptation strategies, such as structuresifitagion and composition
diversification (or a combination of both), can provide both forest owners and the society with
tradeoffs between financial balance and carbon balance. For instance, composition
diversification results in higher carbon sequdistnathan the two other strategies, but only
provides the best economic return for a discount rate of 3% in the more pessimistic climate
scenario (RCP 8.5). Combined diversification provides the best economic return in the more
optimistic climate scenar{®CP 4.5), but is the worst option in terms of carbon sequestration.

In between, structure diversification requires a high carbon price to provide the best economic
return.

4.2. Considering both risks impacts the results and recommendations compared to
investigating each risk separately

In Table II.2, we observed that combining drought and windstorm risks has a greater impact on
forest growth and/or carbon sequestration, as compared to examining each risk separately. In
addition to this, the combinatiofi lsoth risks can have a multiplicative effect when it comes to
tree mortality (this effect was not observed for timber production and carbon sequestration).
More precisely, the average mortality rate of uneged beech stand (B_UA) doubles under
combineddrought and windstorm risks in the smedtrement temperature scenario (RCP 4.5)

for a carbon price of 54 and 110 EUR/tC. In the more severe climate scenario (RCP 8.5), the dead
wood volume in mixed stands (Mix50_EA/_UA) and B_UA for a carbon paoel @0EUR/tC

at least doubled. This observation can be explained by the linkage function in the MATHILDE
mortality submodel: A windstorm and a drought occurring during the same time interval will
result in greater mortality rates compared to two eventsrang during two separate time
intervals. However, this greater impact on forest growth and/or carbon sequestration does not
imply a greater impact on LEV (Table I11.3).
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Another interesting result was observed under RCP 4.5 when considering ondasistvtizer
different combinations of risks have no impact on the strategy providing the best economic
return (Table 111.3). Under RCP 8.5, the effect of composition diversification (Mix50_EA) is
unclear when drought risk is examined separately and can ebavdhst option i(e.,
maladaptation). However, composition diversification appears to be an effective adaptation
strategy under windstorm risk; it can even be the best strategy when both risks are present. This
corroborates our second hypothesis and shbesmportance of taking into account several
risks under varied climate scenarios. Diversification can alsodwbenefits, for instance,
helping forest stands cope with other disturban@kse specifically, diversification may be an
interesting optia when it comes to fighting against pests and insécisss and Knoke, 2011;
Jactekt al, 2017): This option should be tested in such analysis.

4.3. Diversifying the stand as well as combining both strategies lead to synergies

From an economic perspige, synergies arise when a combination of adaption strategies results
in greater economic return for the forest owner than each strategy separately. We tested this
hypothesis through the Pretzsch and Schitze framework (2009). Additional information about
the framework and results tables are provided in the Supplementary Material Section (D).

Tables 111.D.1 and 111.D.2 present the results of the tested presence or absence of synergy for each
adaptation strategy in terms of total volume of timber harvestdd_EV. Table 111.D.1 shows

that stand diversification and combining both diversification strategies have a synergistic effect
on the total volume of timber harvested. This effect is accentuated under low carbon prices and

a frequent recurrence of drougaihd/or windstorm. Indeed, 50% (110 EUR/tC) to 75% (O
EUR/C) of the scenarios under the more optimistic climate scenario (RCP 4.5) show synergies.
Under the more pessimistic climate scenario (RCP 8.5), synergies were observed in 77% (110
EUR/C) to 100%0 EUR/tC) of the scenarios. Table 111.D.2 shows varied synergistic effects on
the LEV depending on the discount rate. For instance, 5% (1%) to 100% (4%) of the scenarios
under RCP 4.5 have synergetic effects, as well as 8% (1%) to 88% (4%) in RCReGésUltes
corroborate our third hypothesis and can be explained by the complementarity and asynchrony
that exist between beech and oak as it relates to both the resource uptake éZapha26d.1)

and the tree structure (Juclatral, 2015). Loreau amig Mazancourt (2008; 2013) showed that

the more species are asynchronic, the more the stand is stable in time. However, we can observe
that synergies are not equal between RCP 4.5 and RCP 8.5, which suggest that asynchrony related
to the need for resoursenay evolve under a rapidly changing climate.

As already observed by Knoke and Seifert (2008), mixed stands (Mix50_EA/_UA) show a higher

economic return than pure stands (B_EA/_UA) under (i) RCP 4.5 for a carbon price of 0 and 28

EUR/Tc and (ii) windstorrand combined risks under RCP 8.5 for a carbon price between 0 and

54 EUR/C. Higher LEVs were observed among wageehstands (B_UA and Mix50_UA)

compared to eveaged stands (B_EA and Mix50_EA) for (i) a carbon price of 110 EUR/AC, (ii) a

carbon pricef 54 EUR/tC with a discount rate of 2% in RCP 4.5, and (iii) under drought in RCP

8.5. Miilleret al (2019) confirm this result. Our results are in accordance with the literature:
LAY °A sieefith 2y — A2AATALT 17AT:AATeeffecfivdicantbhdtion ; A- A1

and mixture should continue to be investigated (Mirsd, 2018).
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4.4. Valorising carbon increases forest value

The introduction of carbon prices into our economic analysis led to increased LEV (Table 111.3).
This result showshe importance of taking the provision of carbon services when evaluating
timber production from an economic standpoint. Our results also show that the strategy
providing the best economic return depends on carbon prices. Indeed, structure diversification
was found to be the best option under a carbon price of 110 EUR/C, irrespective of the other
parameters. These results corroborate our fourth hypothesis.

Mixed stands may provide otherlmenefits such as a higher biodiversity due to a diversified
habitat.In addition to this, the complementasgrtical rooting patterns between beech and oak
(Mason and Valinger, 2013) creates a better anchorage that may help to reduce solrerosion.
extension of our study can be to integrate these other ecosystem seovibesmodelling.

5. Conclusion

Severe droughts and windstorms affect both forest growth and carbon sequestration. One
specificity of our study was to investigate these two risks from an economic perspective. We
showed a higher impact on timber prodoiet mortality, and carbon sequestration when both
risks are considered jointly instead of separately. Diversification (composition and structure) can
be economically effective adaptation strategies when it comes to reducing-daodght
windstorminducedrisks. Diversification also leads to some synergies in terms of timber
productivity and economic value (LEV). More precisely, structure diversification or a
combination of structure and composition diversification strategies increases timber production.
Structure diversification or composition diversification tends to decrease tree mortality.
Diversification increases the LEV, but decreases carbon sequestrationff3 lagieveen the
financial balance and the carbon balance can be achieved by evalaatmgath of carbon

price, discount rate, and climate scenario. The heterogeneity of our results showed the
importance of considering a variety of parameters, climate scenarios, and ecosystem services.
Future research on this topic could include explotimgr species, provenances, as a means to
evaluate the effectiveness of additional diversification strategies. Integrating other ecosystem
services and other risks should also improve this analysis.
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Supplementary material

A. Windstorm frequencies computation

To compute windstorm frequencies, wediuglaily meteorological data from Météo France for

the past climate, the RCP 4.5 and the RCP 8.5. Because severe windstorms occur during autumn
and winter (Valinger and Fridman, 2011), we considered the maximum daily wind gust at 10 m
from September to Falary for 20 SAFRAN points. We randomly selected these points within

the GraneEst region to integrate spatial variability: 12413; 13127; 13240;1 3251; 13405; 13829;1
4124; 1423; 14252; 14522; 14544, 148W8)64; 15097; 15125; 15256; 15547; 15824; 15959;
16533. A given year was defined as having an exceptional windstorm when one of the 20 points
had a maximum daily wind gust over 40 m/s, which corresponds to the characteristics of severe
windstorms such as Lothar in 1999 (Bonnesetal, 2013).

B. MAHILDE and CAT

MATHILDE is a distangedependent individuddased model that simulates forest dynamics
(Fortin and Manso, 2016). MATHILDE is fitted to data from a large network of permanent plots
measured over the 192807 period. It is designed to siatel everaged and uneveaged

stands as well as pure and mixed stands of beech and sessile oak in Northern France. More
precisely, it predicts tree mortality, the diameter increment of survivors and the recruitment of
new trees over fivgear growth periosl The model is composed of differentrsallels, which

are illustrated on Figure I11.B.1.

The climate suimodel is fitted to data from SAFRAN model over the2lA50period. It predicts

the mean seasonal temperature over a period, depending on thgeaitiaf the period and the
occurrence of drought during the period. The growing season temperature is controlled by a
parameter driving its increase. This parameter depends on the given climate scenario and
changes when a drought or a windstorm occurmgthe period.

The mortality submodel encompasses many explanatory variables such as tree species, diameter
at breast height (DBH, 1.3 m in height), basal area of trees with DBH larger than the subject tree
as well as the occurrence of drought, winastand harvesting (Mansb al, 2015a). The effects

of drought and windstorm are the average of those observed over the last 60 years.

The diameteincrement submodel predicts the increment of a given tree over a period (Manso

et al, 2015b). The explaoay variables are tree species, DBH, basal area of trees with DBH
larger than the subject tree, plot basal area, harvest occurrence, and mean seasonal temperature
during the time interval.

The submodel of tree recruitment predicts the number of treesdiwets the threshold of 7.5
cm for each species. The explanatory variables are-ipeeciks basal area as well as the basal
area of the species. In addition to the aforementionedhedbls, MATHILDHsa includes a
model of heightliameter relationsps (Fortinet al.,2019).

4 Text similar to BréteaAmoreset al (2020).
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Figure I11.B.1: Flowchart of the subdels composing MATHILDE.

Table I11.B.2: Basal area bounag/lfa) that were used in the different management scenarios

(source: CRP¥. The bounds are age dependent forayed managemiescenarios. n/a: not
applicable.

Management scenario  Stand age (years Bounds (r/ha)

Evenaged beech 0-50 [14, 18]
50-70 [18, 22]

70 until final cut [22, 26]

Evenaged oak 0-50 [14, 18]
50 until final cut [18, 22]

Evenaged mixed stand 0-50 [14, 18]
50 until final cut [18, 22]

Unevenraged beech n/a [14, 18]
Unevenraged oak n/a [12, 16]
Uneveraged mixed stanc n/a [12, 16]

15 Regional Center for PrivateéDwned Forests.
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MATHILDE is designed to simulated forest growth from inventory data in a stochastic manner
using the Monte Carlo tealque. This method provides a prediction of the stand evolution as
well as the uncertainty associated with this prediction. Confidence interval bounds are derived
using the percentile rank method (Efron and Tibshirani, 1993). The model implements an
algorthm that triggers the harvesting based on plot basal area and a target dominant diameter,
i.e.,the mean diameter of the 100 thickest trees per hectare. Once the harvesting is triggered, a
submodel of tree harvest predicts the probability that an indiVvidee is harvested (see Manso

et al, 2018). The management scenarios is implement using MATHILDES baitest
algorithm based on bounds of basal area. Whenever the upper bound is crossed, the harvesting
is triggered and the trees are harvestingjl uhe lower bound is reached. The bounds were
assumed to reproduce the management of-aged and uneveaged standand are shown in

Table 111.B.2.

MATHILDE is implemented in the CAPSIS platform (DWiowalskiet al, 2012), which

contains a carbonceounting tool (CAT, Pichancowt al, 2018). CAT allows for the
representation of complex emission life cycles inherent to managed forests. It takes into account
the main issues related to carbon accounting tools, such as the numerous uncert&imaies, ris
carbon leakage and double counting. The assessment of the carbon balance is also supported by
built-in Monte Carlo error propagation methods. In addition to the IPCC standards, CAT also
provides estimates of

(1) cumulative material and energy suhgtan, that is the greenhouse gas emissions
avoided when a harvested wood product (HWP) replaces an alternative product;

(i) cumulative fossil fuel carbon emissions during the life cycle of the different HWP;

(i)  the accumulation of netegradable HWR aolid waste disposal site (SWDS),
and

(iv)  cumulative methane (GJHemissions caused by the degradation of HWP at SWDS.
By default (sermerobic conditions), CAT assumes that 25% of the carbon emitted from
the SWDS is methane. The faegradable part @farbon that accumulates at a SWDS is
assumed to be permanently sequestered.

Simulations are run by default under global warming potential factors of the fifth assessment
report on climate change (IPCC, 2013). Results are exported in carbon unitsprathatbiéty
level of the confidence intervals equal to 0.95 by default.
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C. Sensitivity analysis of the distbrate on LEV

Table I1I.C.1: Land expectation value in EUR/ha of each scenario for four carbon prices (0, 28, 54
and 110 EUR/tC) and four discount rates (1, 2, 3 and 4%).

Carbon price

0

28

54

110

Discount rate

0.01 0.02 0.03 0.04 0.01 0.02 0.03

0.04

0.01

0.02

0.03 0.04

0.01 0.02 0.03

0.04

PAST

Baseline_B
Baseline_O

7042
2351¢%

1670 509 176

6289

2283

900

7309
2351¢

1729 525
6405 2329

185
917

7557
24022

1784
6522

542 194
2371 934

8092 1902 600
24578 6774 2462

223
969

RCP 4.5

Drought (D)

B_EA
Mix50_EA
B_UA

Mix50 UA

5491
1129
2502
6611

1259
1762
1664
3904

404

1931
1025
2355

143
1980
642
1459

5586
1322
2534
6643

1316 420
1832 1952
1668 1025
3907 2355

159
1987
642
1459

5674
1569
4664
6673

1369
1898
1945
3910

435 178
1971 1993
1072 660
2356 1459

5948 1484 528
2152 2039 2013
11647 4837 2657
6815 3916 2357

218
2006
1629
1459

Storm (S)

B_EA
Mix50_EA
B_UA

Mix50 UA

4934
1188
2424
6476

1170
1799
1633
3856

374

1964
1009
2333

132
2013
634
1449

5022
1358
2457
6507

1221 388
1862 1984
1636 1010
3859 2334

147
2020
634
1449

5103
1580
4666
6536

1268
1925
1946
3862

401 163
2003 2026
1073 660
2334 1449

5531 1371 484
2130 2059 2043
11658 4842 2660
6665 3868 2335

198
2038
1631
1449

D+S

B_EA
Mix50_EA
B_UA

Mix50 UA

5092
1046
2297
6208

1182
1723
1585
3758

381
1892
987
2286

134
1941
622
1424

5200
1247
2328
6238

1240 397

148

1789 1911 1947

1588 987
3761 2286

622
1424

5301
1494
4763
6267

1295
1850
1986
3764

413 165
1930 1953
1095 674
2286 1424

5619 1412 490
2034 1981 1969
11843 4919 2702
6328 3770 2287

203

1965
1656
1424

RCP 8.5

Drought (D)

B_EA
Mix50_EA
B_UA

Mix50 UA

2607
2784
2027
5482

789
831
1531
3630

304
313
978

2267

127
129
623
1430

3011
3030
2037
5492

907 348
902 340
1532 978
3631 2268

145

141
623
1430

3385
3300
4700
5502

1017
976
1960

3632

389 161
374 160
1081 665
2268 1430

4192 1253 477
3967 1221 479
11720 4868 2674
5888 3634 2268

205
204
1639
1430

Storm (S)

B_EA
Mix50_EA
B_UA

Mix50 UA

2398
1753
1865
6657

711
2184
1462
3935

269
2256
942
2377

111
2270
604
1474

2667
1772
1875
6689

791 300
2187 2256
1463 943
3938 2377

124
2270
604
1474

2934
1789
4755
6717

872
2190
1983
3941

330 135
2257 2270
1093 673
2377 1474

3543 1046 400
1825 2197 2258
11831 4914 2699
6949 3947 2378

190
2270
1655
1474

D+S

B_EA
Mix50_EA
B_UA

Mix50_UA

2384
1699
1717
5135

717
2125
1398
3495

274
2224

910
2198

116
2248
586
1391

2726
1719
1726
5146

817 312
2132 2226
1399 910
3496 2198

131
2248
586
1391

3045
1737
4845
5156

910
2138
2020
3497

346 145
2228 2249
1113 685

3730 1111 421
1777 2152 2231
12028 4995 2743

2198 1391 5285 3499 2199

182
2249
1682
1391
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D. Synergy analysis of adaptation straté&gies

First, the overyielding is defined as a higher observed paraeier the mixed stand than
the expected paramet&; - s(Pretzsch and Schitze, 2009,

206P B N 20sP M85 EM&

whereqi and gz are the respective mixing proportions of species 1 and spemned?2and P
the respective parameter of species 1 and species 2 in monoculture.

Then, a transgressive overyielding of the mixed stand can be observed, when the observed
parameterz, (; s higherthan the parameter of both species in monocul®jen@P.) (Pretzsch
and Schutze, 2009)e,

208P %5 =3 @y usP %
The tested parameters were the total harvested timber volume and the land expectation value.
The results are presented in Tables 111.D.1 and IlIl.D.2. An ouagyisldepresented by a

coefficient of 1 and a transgressive overyielding by a coefficient of 1+. An absence of overyielding
is represented by a coefficient of 0.

Table 111.D.1: Results of the tested synergy of mixed stands in total harvested timeer volum
characterised by overyielding (coefficient 1) or transgressive overyielding (coefficient 1+) or
absence (coefficient 0) for each scenario and considering four discount rates (1, 2, 3, and 4%).

Carbon price 0 28 54 110

Discountrate  0.01 0.02 0.03 0.04 0.01 0.02 0.03 0.04 0.01 0.02 0.03 0.04 0.01 0.02 0.03 0.04

RCP 4.5

Mxs0 0 O O 1 0 O O 0O 0 O 0 0
B_FI 0 0 0 0
Mix50 FI 1 1 1 1
Mix50 0 O 1 1
B_FI
Mix50 FI
Mix50
B_FI
Mix50_FI

(D)

0 0O O

1
0

1
0

0
0

0
0

Storm | Drought
(S)

D+S

RCP 8.5

o
o
o
o
o
=

Mix50
B _FI
Mix50 FI
Mix50
B _FI
Mix50 FI
Mix50
5 B_FI
Mix50 FI

o
o
o
o
o
=

(D)

Storm | Drought

(S)

16 Text smilar to BréteatAmoreset al (2020).
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Table 111.D.2: Results of the tested synergy of mixed stand on land expectation value with a carbon
price of 0, 28, 54, and 110 EUR/C, characterised by overyielding (coefficient 1) or transgressive
overyielding (coefficient 1+) or absence f(ceeft 0) for each scenario and considering four

discount rates (1, 2, 3, and 4%).

Carbon price

0.01

0.02

0.03

0.04

Discount rate

0 28 54 110 0 28 54 11C 0 28 54 110 O 28 54 1i1C

=
=
'—\
'—\
H
B
S

H

L
L
e
=

PR ORRRRRERRR
H
=
'—\
[EEN

R P O
R~ O

1 1 1 1

S, Mix50 00 0 0 0 0 0 O
30 BFI 000 O OO0 O 1 1 1
o O Mix50FI0OO 0 0 1 1 0 0 1 1 1 1
< £ Mix50 0 0 0 0 0 0 0 0 1 1 1
& s BF 000 1 000 1 1 1
x ? Mxs0FIO 0O 0O 0 1 1 1 0 1 1 1
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Chapter IV

Index insurance for coping with droughtinduced risk of

production losses in French forests
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Abstract

Droughtinduced risk of forest dieback is increasing due to climate change. Insurance can be a
good option to compensate potential financial losses associated with forest production losses. In
thiscontext, we developed exanteindexbased insurance model to cope with drougthticed

risk of forestlieback We applied this model to beech and oak forests in France. We defined and
then compared different indices from simple ones relying on raidalés to more complex

ones relying on the functional modelling of forest sensitivity to water stress. After the calibration
of the contract parameters, an insurance scheme was optimized and tested. We showed that
optimal insurance contracts generate ¢@ain of certain equivalent income, high compensation,

and a high basis risk. The best contract was not proportional to the complexity of the index.
There was no clear advantage to differentiate contracts based on species. Results highlighting
the various prspectives of this first approach are discussed at the end of this chapter.

Keywords: Drought; Forest; Index insurance.
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1.Introduction

In Europe, climate change increases temperature and reduces precipitation, thus accentuating
droughtinduced risk®f forest dieback (Bréda and Badeau, 2008). The exceptional drought of
2003 was associated with a heat wave that severely damaged the French forests dBréda
2006). The subsequent drought episode (2018) was even stronger in terms of intensigy and are
impacted (Burast al, 2020). Forest damages due to extreme drought events include reduced
growth, defoliation, and mortality. Loss in timber production may have substantial socio
economic impacts on forest owners. In response, Fehral. (2006) reconmended that
adaptive management strategies be implemented and that new forest insurance products be
developed.

Several managemehtased adaptation strategies are recommended in order to improve the
water consumption efficiency of forest stands and, asudt,rtheir resistance to drought risk.
Reduction of density, reduction of rotation length, substitution by a-bd#pted tree species,

and stand diversification are among the most known adaptation strategies (Spittlehouse and
Stewart, 2003).

Another srategy consists of designing rsaring strategies through insurance products. In a
context of international agreements encouraging countries to protect their forests against the
effects of climate change, recommendations have been made to use iBsueamebicle to

finance climate resilience and adaptation. Such recommendations were discussed by the Global
Agenda Council on Climate Change (2Qhdé)Organisation for Economic @ermtion and
Development (2015)e United Nations Framework ConventonClimate Change (Article 4.8

of UNFCCC), and the Kyoto Protocol (Article 3.14). In exchange for the payment of an annual
insurance premium, the forest owner receives an indemnity in case a disaster occurs. In many
countries €.g, China, NevZealand, US Germany, France, Portugal, Spain), forest insurances
covering natural disasters have been developed (Bruwtedle 2015). Worldwide, the most
common (and first) insurance contract covers the risks of forest fires. However, the adoption of
insurance s very different from one country to another. In France, insurers currently sell
contracts compensating forest owners for fire and/or storm damage. However, only 2% of the
French private forest owners are insured. It is estimated that only 4% of the fererstéd

area is insured (Dossier Sylvassur, 2013). Very low penetration rates also characterize the
German, Spanish, and Slovakian markets. In countries like Denmark and Sweden, forest
insurance against storm is a much more common practice with 68%0&hdfthe private

forest owners being insured (Brunette and Couture, 2008). ebagR020) suggested several
explanations accounting for these differences: mandatory insueagicdrway)vs. voluntary
insurance €.g, France), conditional publassistancee(g, Denmark)vs. nonconditional
assistancee(g, France, Germany), objective of timber production in Northern couvdries
provision of normarket goods and services in France.

However, to our knowledge, no forest insurance contract tffeoser droughinduced risk of

forest dieback. Traditionally, in the agricultural sector, drought is insured through an index
based insurance. However, because of climate change, drought has becomes a significant threat
for the forest sector. Index imance seems to be a relevant and-aadipted tool for forest,

since the index can be defined for varied natural hazards and stress levels, such as extreme
drought events. In this context, the objective of this paper is to develop and test-Basadex
insurance specifically designed to help forest owners to cope with dralugted risk of forest
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dieback. To this end, we develope&@amteindexbased insurance contract and simulated its
effectiveness in terms of income smoothing capacity. We sidiatannual forest productivity

for two widespread broadleaf tree species in France, beech and oak, byeUSIR§TANEA

forest growth modellhis model relies on historical climate series (P83®) developed by the
SAFRAN reanalysis system (MVadal., 2010). We defined and compared different indices from

the most simple ones, based on cumulative rainfall indices and the standardized precipitation
index (SPI), to more complex ones based on water stress levels, the soil water stress index (SWS)
(Guilemotet al, 2017). A series of simulations was performed to calibrate the insurance contract.
Then, an optimal insurance scheme was optimized and tested. We showed that optimal insurance
contractsgeneratelow gain of certain equivalent income (CEI) arugh basis risk, and
compensate a high part of losses. The best contract is not proportional to the complexity of the
index. Finally, our preliminary results indicate that there is no clear advantage of differentiating
contracts based on species.

The rest of the paper is structured as follows. The next section reviews relevant studies on forest
insurance and agricultural indé&asednsurance. The material and thethues are presented
in Section 3. Sectiorpdovides the resultsyhich are discussed $ection 5. Sectiorcéncludes.

2. Literature review

This study is at the junction of two research fields: One focusing on forest insurance with no
special consideration for indbased insurance, and another one focusing on -laked
insurance with n@pecial consideration for the forest sector.

The literature on forest insurance covers a wide range of research topics. One topic deals with
actuarial approaches that aim at determining insurance premiums, using different pricing
methods. Holecy and Hanekel (2006) were the first researchers to propose an actuarial model
serving as a basis for the calculation of premiums to cover the German forest for either single or
cumulative damaging factors. They proposed a minimum gross insurance premium of 0.77
EURha at age O for an insured area of 140,000 ha and a maximum premium of 4429 EUR/ha
at age 70 for an insured area of 14 ha. This study highlighted the important role played by the
age of the stand and the total insured area in the calculation of therpser@ither studies
followed with for example Pinheiro and Ribeiro (2013) on forest fire insurance in Portugal,
Brunetteet al.(2015) on forest insurance coverage for multiple natural hazards in Slovakia, and
Sacchellet al (2018) in Italy. One of the maionclusions resulting from this body of literature

is the need to increase the insured area (as a way to increase mutualisation and dilute the risk)
in order to propose affordable insurance premiums.

Another field of research consists of adapting tlssictd insurance economics model proposed

by Mossin (1968) to forest management issues. Thus, Brunette and Couture (2008) developed a
theoretical model to predict insurance demand. This model shows the potential negative impact

of expostpublic compensafi ¢ 2-AfA 2 p°A2AATA A" EAAT, T A¢g Arg -AAY
the impact of including adaptation efforts into insurance contracts on insurance demand. They
showed that insuranceouldserve as an effective strategy when it comes to encouraging risk

and uncertaintyaverse forest owners to adapt to climate change.
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1 A1oAp SApuE A. ATAT2A"T pf2%A E°Ar Arq 2AATAA%LT¢A A
insuranceproducts. Brunetteet alf ~ py °© EJAYT Arq -cAAA AA 2AATAA Af¢
willingness to pay (WTP) based on different scenarios regarding public compensation. They
ASATACTU 2 ¢91.2A°CYT °%A2"A A AL9AT "A%AT¢AZA AR Ay ALy
ARAEPTA ETAY "A¢puZE ATu AA JAA°%2AT -AATAA AE, TAA® °¢
et al, 2015; Qirt al, 2016), USA (Demrg al, 2015) and Germany (Saugtral, 2016). More
recently, Brunettet al (2019) analysed both real and hietital forest fire insurance choices
simultaneously, thus demonstrating that real insurance decisions significantly explains the
hypothetical ones. Using an experimental economic approach, they also showed that facing
ambiguous risk increases the foregt g 1 A A T

Finally, a recent article proposed to extend the classical forest economic model setting, the
Faustmann optimal rotation model (Faustmann, 1849) under risk (Reed, 1984), to insurance
coverage. Loiset al (2020) analysed the impact of thefokA AE ¢ TA“A °¢c AEA2: T uf
forest management under storm risk. Through their analytical model, they showed that as the

oo AEA2, T "ACYTA2 T °¢ AT2ANA. A1 AAA2A°A; % At o5 Af2A
risk aversion. They also identifieases where it may be optimal for the forest owner not to
purchase an insurance contract. They provided evidence tegaatepublic transfer to the

insurer, resulting in a reduced insurance premium, might increase insurance demandl.Qin
(2016)observed the same result in China witleeantepublic transfer to insured.

With regard to the indelsased insurance literature, the principles of insurance based on
meteorological indices were initiated by Halcrow (1948) and further developed by Dandeka
(1977). These insurance products were initially proposed to help farmers cope with agricultural
risks. They were mainly implemented in developing countries (&kaled999; Mahul, 2001)
where limited infrastructures make low transaction costs castea@n more profitable for
insurers and more valuable for insured.

Under indexbased insurance contracts, farmers pay an annual premium and, in exchange,
receive a monetary compensation when the index (calculated based on weather variables) goes
beyond gredefined value. In the case of traditional insurance contracts, indemnity payments
typically require that an expert observes and assesses the severity of crop damage after a disaster.
This process induces an additional cost resulting in higher insymamsgim and introduces
asymmetry of information between the insurer and the insured farmer. In the case of index
based insurance, neither the principal (the insurance company) nor its agent (the insured) have
control over the meteorological data that aeduto define the index. An observable index built

upon meteorological data solves any moral hazard issue (Goodwin and Mahul, 2004), reduces
transaction costs, and allows for a quick payment of the indemnity (Alderman and Haque, 2007).
Moreover, indices lalv for focusing on one risk independently of other conditions. Having a
single index for a same given disaster and many contracts (and not for a specified risk and for a
specific stand) also reduces the transaction costs and, thus, the insurance premium.

However, the main limitations of indbased contracts stem from the imperfect nature of the
index itself. Basis risk may become a concern when there are mismatches between income and
index realisation) (Skees, 2003). The two types of basis risk arefiffevast owners receive

an indemnity while they did not endure losses (type 1), and (ii) when forest owners endure losses
without receiving an indemnity (type Il). Imperfect insurance products characterized by high
basis risk are typically associated wighy low consumer demand (Clemenal, 2018). The
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readability of the contract and simplicity of the index is also a challenge when it comes to
advertising and selling such contracts. Keeping in these considerations in mind, one of the
objectives of awstudy is to develop and test multiple, increasingly complex indices.

We thus propose a new method, based @xanteindexbased insurance, for coping with an
increasing risk in forest, drougimtduced risk of dieback. To our knowledge, this isr8tesfudy

that (i) deals with drought insurance for forest; (ii) proposes an-bdsed insurance to cope

with forest disturbances; and (iii) investigates the optimal forest insurance contract in France.
Our objective is to expand the existing knowledger® of the abow#escribed research
domains,i.e, actuarial approach, by simulating data to compute insurance premiums and
optimal insurance contracts through an innovative method. We examined varied stand ages, the
same way Holecy and Hanewinkel (2008)in their study.

3. Material and methods

3.1 Data

Due to the lack of historical data about locally observed annual forest growth, we simulated a
series of annual productivity for two widespread broadleaf tree species in France, beech and oak,
using he CASTANEA model.

CASTANEA is a mechanistic model simulating the functioning of the main managed European
tree species (Daet al, 2005; Dufrénet al, 2005; Cheaibt al, 2012; Guillemadt al, 2017). It

provides data on the evolution of water aarbon fluxes and stocks (both aboveground and
belowground) of the forest ecosystem, with processes simulated at time intervals ranging from
half an hour (photosynthesis) to a day (biomass growth). More precisely, CASTANEA simulates
photosynthesis and resgiion to estimate net forest productivity andtum forest growth

through biomass allocation rules. CASTANEA takes the specificity of each species into account
and includes some physiological responses to drought, such as the risk of decreasedigrowth an
mortality resulting from water stress and shortage of carbohydrate reserves (Davi and Calilleret,
2017).

CASTANEA requires weather datag,( global or photosynthetically active radiation, air
temperature, relative air humidity, wind speed, precipitqtas inputs. We used gridded data
produced by the Météo France reanalysis system (SAFRAN) for the reference climate (1960
2015). These data are available for the whole metropolitan France territory divided into 8588
pixels of 8x8 km each. Following Chestilal.(2012), distributions of available water contents
were extracted from the French soil database developed by the INRAE [1 : 1092@0=000
Infosol Unit, INRAE, Orléans, (Jamagred.,1995)] and aggregated to th&® climate grid in

order to povide measures of available water capacity and soil depth (Badé#£010).

In order to capture the climatic variability exclusively, the plot age was kept constant along the
19602015 simulations, as well as the biomass (reinitialised to theil waitue each year). We

thus simulated forest growth for three different classes of stand age linked to an initial biomass
in gC/m2, in order to consider age and biomass variability. Three pairstubagess (year

gC/m?2) were considered: 4000, 707000 and 1089000. The annual output datae,
productivity, was expressed in terms of volume of wood/lmaror carbon in gC/mz2,
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Finally, in order to compute the annual income based on annual productivity, we used a series
of annual average wood pricesdmavailable by tleomptes de la Ford@tthe Observatory for

Forest Economics (OLEF, BETA), France. We used wood prices for beech and oak and for a
diameter class of -BD cm corresponding to the commercial timber class. Following the severe
damage caudeby the Lothar storm of 1999, the decrease in wood value was such that prices
were not recorded for the following year. We handled the missing data by computing wood prices
using the discounted prices set by the French National Forest Offica.@QB88% off for oak

and 50% off for beech.

3.2. Insurance policy design

We started with a simple framework with the following assumptions: (i) The representative
agent is a private forest owner whose aim is to reduce the effect of drought risk on their stand;
(i) a private insurer offers the same contract to all representative agents, regardless of their
location on the French territory; and (iii) each SAFRAN point represents the stand of an agent.
In order to compare the gain in certain equivalent incomg, (fBE utility with and without
insurance was computed for each agent. The agent purchases an insurance contract as long as
the gain of CEl is positive.

3.2.1. Indemnity schedule

Indemnity schedule was defined by three parameters according to thedrkrdesigned by
Vedenov and Barnett (2004). The sti#ke the threshold level of the index that triggers payoffs
for insured forest owners. The slagéated parameteii (0 < 1< 1) determines the exit level
(1.9 from which payoffs are capped to a maxn M. All these elements are illustrated on Figure
V.1

Figure 1V.1: Payoff structure of an inthsurance contract (adapted from Vedenov and Barnett,
2004).
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We thus have the following indemnity function depending thre observed level of the index:

/ EF Q &b

5FT
E5&4 & L ~ EB56O0TQS5 (1)
5F 4% Q
r EBP5

32.2. Tested indices

To assess the interest of an index, we defined, tested, and compared different indices from the
most simple ones.€, basic rainfall index) to more complex ones, drought index).

The first index is based on the cumulative precipitation during the growing season. We tested
two types of cumulative rainfall: The three months cumulative precipitation (CP3) from June to
August where the lack of water is the highest and the six months cumulative precipitation (CP6)
from April to September, which corresponds to the entire growing period.

The second index is the standardized precipitation index (SPI), which represerttt a slig
improvement over the cumulative precipitation and is widely used to characterise meteorological
drought. SPI quantifies observed precipitation as a standardized departure from the mean of the
considered period. We computed the thmeath SP1 (SP13) arkde sixmonth SPI (SP16) using

the same time period as the one used for the computation of CP3 and CP6, respectively. However,
while the SPI measures water supply, it does not take into consideration evapotranspiration, and
thus, does not account for tbiect of temperature on moisture demand and availability.

We therefore considered a more complex index, namely, the integrated annual soil water stress
index (SWS) (Guillemet al, 2017), which takes into account water supply (rainfall and soil
water cpacity) as well as water demand (canopy and soil evapotranspiration). The index also
considers some vegetation characteristics such as the water stress impact on thé’stomatal
closure. The rationale for considering the SWS index is that forest proddepeihds on the
availability of soil water to support tree growth. Indeed, soil water content has been shown to
have low effects on plant metabolism up to a certain threshold (Gralist999). To replicate

the conditions under which trees start regug water consumption in order to grow and
survive, we applied a 40% threshold on the available water content in the soil (AWC)
(Lebourgeoist al, 2005). The annual SWS indekjch represents the sum of afhter stress
occurrences observed during tirewing seasoni.€.,200 days), is computed by CASTANEA
model as follows:

Al
) 59% F 59%¢
595 L | ef3méce Fsh—ont LULT:

(2)
r&:59%cF 59%0a.

X@jaiiaypR

7Stomata@re small apertures on leave surface where water aneixCizanges between tree and air take place.
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whereSWS$ is the soil water stress indexy@ary (unitless),doudburstis the day of budburstS

is the day of leaf senescer®®d/G is the soil water content on ddymm), SWG is the soill
water content at the wilting pointe.,the minimum amount of water in the soil that the plant
requires not to wilt (mm), an8 WG is the soil water content at field capadigy,the maximum
water retention capacity of the soil (mm). BWSs computed for each species: &¥&nd
SW&ak

The Vedenov and Barnett (2004) model was based on an fndatepavailability in the soill,

where the indemnity increases when the index decreases (up to the floor value) and the index is
always greater than zero. According to this model, we transformed the SPI and SWS values. The
range of SPI was changed frofi [+5.5] to [0; 10.5] as a way to have positive values only. The
range of values of SWS was kept the saeng0; 200], but the transformation led to having

values close to zero corresponding to the highest level of drought, instead of 200 prior to the
transformation. The final range of value is summarised in Talile IV.

Table IV.1: Minimum, mean, maximum values, and standard deviation of the tested indices.

Min Mean Max Std dev

CP3 1.7 193.9 1061.8 87.9
CP6 33.5 4146 15455 139.6
SPI3 0 3.9 9.3 16
SPI6 0 4.7 10.4 19
SW$eech 0 123.0 168.5 28.4
SWSak 0 1254 1727 29.1

3.2.3. Optimisation of insurance contract

First, we computed the income without insurance @vd with insurance (W) as follows:
9,:PRL-,ES:P 3)

i
. EP .

9pa L -4, ESIREERFLA SEHRL [ Lyz—&4sEiM (4)
can

whereKp stands for the initial netimber capital of the ageny is the income from timber
production of yearandi the indemnity oflie yeat. p is the annual premiunN the number of
agents;T the time period andthe loading factor, which represents administrative costs as well
as the cost of the risk taken by the insurer (we assume an actuarially fair insilganae).

For the majority of French private forest owners, timber production is not their principal
economic activity. Due to the lack of data, we approximatédtthlenontimber capital with
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the average income of a rotatiam,,the time between the natural eegration/plantation to
the final harvest of the forest stand.

Second, we used a constant relative ngksion (CRRA) utility functiod to compute the
variation of CEl This function is commonlysed in the literature to represent individual
insurance bhaviours, particularly those of forest owners (Seaetted, 2016; Brunettet al,
2017b). The utility function and tB&lare computed as follows:

ooy 94:P% . L SuadR™ .
\74k94-|3,0|-ﬁ v TuaDuadd: L Usag)é ()
5 S
\%'#8% L xsF &4a7: 887 | %' BN L xsF &47 :85EF (6)

where ' 7 :94;the expected utility of the vector of income realizati® without insurance,
'7 9% 4 .the expected utility of the vector of income realizati®¥S.with insurance, and
the relative risk aversion coefficient as defined by Ai@it.

Finally, we optimised the contract parametersi(#/) in order to maximise the Ciél each

index. Rothschild and Stiglitz (1976) demonstrated that the differentiated contracts could reduce
the asymmetry of information, in particular the adverse selection, compared to a unique contract.
In order to assess the possibility of differemgainsurance contracts by species, we computed
the optimal insurance contract for a baseline corresponding to a unique contract, and one for
each species separately (beech and oak).

4. Results

Table IV.2 shows the parameters of the optimal insurancactd8t i, M), the gain of CEI with
insurance (Ckk) compared to the initial one (QEland the annual premium for the baseline
(unigue insurance contract) and the spesific contracts for each tested index for the age
biomass class of 7®00. The results for the two others classes are available in the
Supplementary Material Section (A). The results are presentedrdtatiae risk aversion
coefficientof 1 corresponding to the estimated coefficient of French private forest owners
(Brunetteet d., 2017b). Table 1V.2 shows that all contracts are different from each other
depending on the considered indices, thebageass classes, and/or the species. All species
specific contracts are different from the unique contract (baseline). The coattactsing CEI

is provided by SWS regarding the-bgemass class and the relative risk aversion coefficient. We
can see that gain in CEl are very low. Gain in CEIl decreases with the type Il basis risk.

To assess the interest of an index and compare theeegmputed three criteria. The first one

is the part of financial losses compensated by indemnity. The second criterion is the part of basis
risk, type | and type Il. The last criterion is the part of real losses that are compeaséied,
number of ases when the index perfectly matches the loss of income. The results of these three
criteria are presented in Table 1V.3 faekative risk aversion coefficienit 1 and for the age
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biomass class of 7®00. The results for the two others classes aesladle in the
Supplementary Material Section (A). Moreover, while we assume a constant relative risk aversion
equals to 1, a sensitivity analysis of this coefficient was performed and is presented in
Supplementary Material Section (B for a coefficighbaind C for a coefficient of 2). Table IV.3
shows the variability in terms of the percentage of loss compensated by indemnity, going from
26.6% (with SWS) to 99.5% (with SPI6). However, we can see that large percentages of loss
compensated by indemnitylinked to a high type Il basis risk (close to 50% of the cases). Six
month indices (CP6, SPI6) present higher losses compensated, a lower type | basis risk, and a
higher type Il basis risk than thre®onth indices (CP3, SPI3). The more complex index, SWS
shows lower losses compensated, a higher type | basis risk, and a lower type Il basis risk than
the other indices.

Table IV.2: Strike (S), slogeY 22 AT A2A2%TATA 7i° 2,4 %2E°%AEY A- %o uT%
insurance contract, the percentage of @faiertain equivalent income with insuranced{; &l

EUR) compared to the initial one (CialEUR), and the annual premium for each index for the
baseline in EUR (unique contract) andsgeziespecific contracts (bhgeand oak) considering

an agebiomass class of /W00 and a relative risk aversion coefficient of 1.

Species Index CEI 0 CElins S T M Gain  Premium
Baseline CP3 3122.30 3125.94 141.7 0.1 0.5 0.117 67.39
Beech CP3 2737.89 2740.49 231.7 0 0.3 0.095 119.63
Oak CP3 3473.27 3477.57 131.7 0.1 0.6 0.124 65.35
Baseline CP6 3122.30 3124.05 323.5 0 0.6 0.056 43.42
Beech CP6 2737.89 2739.51 4535 0.1 0.3 0.059 90.95
Oak CP6 3473.27 3475.20 2935 0.4 0.5 0.056 36.57
Baseline SPI3 3122.30 312357 3.1 0 0.3 0.041 45.42
Beech SPI3 2737.89 2738.76 3 0.2 0.2 0.032 34.40
Oak SPI3  3473.27 3474.61 3.1 0.1 0.3 0.039 50.46
Baseline SPI6 3122.30 3122.39 0.6 0.9 0.3 0.003 1.42
Beech SPI6 2737.89 2738.07 1.3 0.1 0.3 0.007 3.64
Oak SPI6 3473.27 3473.32 0.6 0.9 0.2 0.002 0.95
Baseline SWS 3122.30 3130.21 133 0.3 0.6 0.254 170.30
Beech SWS 2737.89 274558 143 0.2 0.6 0.281 201.40
Oak SWS 3473.27 3480.14 127 0.2 0.7 0.198 139.59

Additionally, we assessed the possibility of differentiating insurance contract by species and the
interest of each index. Table 1V.4 summarises the results of the comparison between the baseline
(unique contract) and the spesspecific contracts for the different indices in terms of
maximum of gain of CEI and compensated losses, and minimum of premium and basis risk for
the three agdiomass classes. Results show that no index provides the best level for all the
parametersand all agéiomass classes. There are differences among indices (an index can be
advantageous for some criteria and detrimental for other criteria) afimicagass classes. Only

the results in terms of gain and premium are the same amotijoagass claes: SWS provides

the best gain and CP6 the worst one; SPI16 provides the lowest premium and SWS the highest
one. Focusing on the gain of CEI, there is no value added associated with developing species
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specific contracts based on SPI3, regardindiages classes. Except for this case, there is no
clear advantage to differentiate contracts by species. Results depend on the considered index,
agebiomass class, and criterion.

Table 1V.3: Percentage of financial losses compensated by indemnity (Copepcérgaye of

type | (BR_I) and type Il (BR_II) basis risk and percentage of the number of cases corresponding
to real losses compensated (Real_loss) for each index for the baseline (unique contract) and the
speciespecific contracts (bgeand oak) cord@ring an agbiomass class of /00 and a

relative risk aversion coefficient of 1.

Species Index Comp loss BR | BR Il Real loss
Baseline CP3 76.1 96 34.6 19.7
Beech CP3 75.7 145 194 58.3
Oak CP3 65.6 11.1 25.8 13.1
Baseline CP6 84.6 9.4  37.3 17.0
Beech CP6 81.5 13.8 23.2 54.5

Oak CP6 80.8 8.4 29.9 9.1
Baseline SPI3 83.9 140 321 22.3
Beech SPI3 93.0 6.5 50.7 27.1
Oak SPI3 73.5 19.4 22.0 17.0
Baseline SPI6 99.5 0.1 54.1 0.2
Beech SPI6 99.3 05 76.0 1.8
Oak SPI6 99.5 0.1 38.8 0.2

Baseline SWS 39.7 216 15.6 38.8
Beech SWS 590.1 12.8 17.2 60.6
Oak SWS 26.6 25.7 13.8 25.2
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