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Abstract
& Key message Reduction of forest rotation is analyzed as a potential adaptation strategy for a Douglas fir stand to cope
with drought-induced risk of forest decline. The methodology combines a water balance modeling and an economic
approach. Results show that, from an economic perspective, adaptation (immediate or delayed) is always better than
the absence of adaptation.
& Context Reduction of rotation length emerges as a potential adaptation strategy to cope with climate change.
& Aim The study aims to address the reduction of rotation length to deal with the drought-induced risk of forest decline taking a
multidisciplinary approach.
&Methods We estimate probabilities and impacts of drought events quantified by water balance modeling and we evaluate, from
an economic point of view, the reduction of rotation length to cope with the drought-induced risk of forest decline. We compare
three different adaptation strategies at the economic level: absence of adaptation, immediate adaptation, and delayed adaptation.
& Results Results suggest that immediate reduction of rotation length is associated with the best economic return, followed by
delayed adaptation and, finally, by the absence of adaptation. This result is sensitive to the level of timber loss in the event of
drought occurrence. If the loss of timber volume is higher than 48%, then delayed adaptation may be preferable to immediate
adaptation.
& Conclusion Beyond the specificities of the case study, this paper proposes a multidisciplinary approach to address adaptation
strategies.

Keywords Adaptation . Economics . Climate change .Water balance . Risk of decline .Pseudotsugamenziesii

1 Introduction

Climate change through increasing temperatures and changes
in water and disturbance regimes will have an impact on the
majority of ecosystems and, especially, on the long-lived for-
est ecosystem (IPCC 2012, 2014). Indeed, due to the length of
the investment period and the limited reversibility or plasticity
of decisions, forests seem to be of particular interest to analyze
adaptation options. Forest managers are accustomed to con-
sidering the long-term implications of their decisions (Keenan
2012). However, many management actions are now
responding to much shorter-term economic or political imper-
atives. Some current management measures may continue to
be suitable to respond to increasing pressures under climate
change, whereas for other situations, new measures will be
required. Adaptation to climate change involves assessing,
mitigating, and controlling risks. Kolström et al. (2011) sug-
gested that models are important to analyze risks, and that
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improved risk simulations are required to assess the effective-
ness of alternative management options in mitigating distur-
bance impacts. This is the aim of the present research.

Given that a forest planted today will come to maturity and
be ready to be harvested in 30 to 100 years, depending on the
species, it will necessarily be exposed to future climatic haz-
ards. However, since the increase in atmospheric CO2 concen-
trations may continue during the coming century, with an
average temperature increase from 1.1 to 6.4 °C, depending
on the SRES hypothesis corresponding to more or less effi-
cient mitigation of climate change, disturbance and water re-
gimes may be modified (Pachauri et al. 2014). The productiv-
ity of forest ecosystems is severely constrained by water avail-
ability, and extreme drought events are known to induce large-
scale tree decline episodes in temperate forests (Bréda and
Badeau 2008). As a consequence of soil water deficit, tree
growth will be limited and gas exchanges restricted due to
stomatal closure, and irreversible damage (needle fall, xylem
embolism, dead branches, and roots) will occur in the event of
extreme soil water shortage (Bréda et al. 2006). Climate
change would then accentuate extreme drought events
(IPCC 2012) and, in turn, lead to drought-induced dieback
in forests, generating lower forest return.

In such a context, some adaptation actions are thus recom-
mended to face increasing drought risk such as the reduction
of rotation (Gottschalk 1995; Lindner et al. 2000; Spittlehouse
and Stewart 2003). The rotation is the time from the establish-
ment of a forest stand to its final felling.1 Indeed, from a forest
management point of view, reducing the rotation is considered
as a win-win option, diminishing both the time of exposure to
drought events and the vulnerability of trees due to aging
(Spiecker 2003; Bréda and Peiffer 2014). In addition, old trees
are among the most vulnerable to drought (Becker and Lévy
1988; Archaux and Wolters 2006) so that avoiding long rota-
tions seems to be a win-win option. However, some forest
managers reject this option, fearing a loss of economic effi-
ciency by selling timber with a smaller diameter, less total
volume production, a more frequent incidence of planting
costs, and a reduction in the provision of ecosystem services.
Intuitively, one argument in favor of the reduction of the rota-
tion length may be the less frequent costs of thinning.
Consequently, owners question the implementation and the
associated costs of such an adaptation option. The question
is then: from an economic perspective, is the reduction of
rotation a relevant forest adaptation strategy to cope with
the future risk of dieback induced by drought event? This
strategy is tested as an anticipative and planned adaptation
option, and not a reactive one when an extreme drought
event occurs.

From a biological point of view, the reduction of rotation
has led to studies mainly focused on the link between rotation

and carbon storage (Liski et al. 2001; Kaipainen et al. 2004).
Less attention has been paid to the potential advantage of
reducing rotation to improve tree resistance to perturbations,
especially to drought events. It is known that hydraulic con-
ductivity decreases with age and tree height (Woodruff et al.
2008), leading to an unstable equilibrium in tree water and
carbon balance due to allometry adjustments to cope with
stresses (McDowell et al. 2002; Kennedy et al. 2009).
Moreover, tree vulnerability increases with age, especially be-
cause of interacting biotic and abiotic perturbations (Bréda
and Peiffer 2014). Finally, tree growth and crown condition
are impaired by aging (de Kort and Baas 1997): crown condi-
tion is firstly correlated to tree age, altitude, and drought stress,
regardless of the species, as reported on the ICP forest moni-
toring network (de Vries et al. 2014). In France, thanks to the
national forest health service database, we observed that more
than 65% of drought-induced Douglas fir declines occurred in
stands older than 30 years.

From an economic point of view, two types of literature are
of interest. The first one deals with the impacts of risk on
rotation. Thus, a stochastic forest stand value (Clarke and
Reed 1989, 1990; Willassen 1998; Alvarez 2004; Chang
2005), stochastic timber price (Brazee and Mendelsohn
1988; Thomson 1992; Insley 2002; Insley and Rollins
2005), or interest rate variability (Alvarez and Koskela 2003,
2005) lengthens the optimal rotation period. To the contrary,
storm risk has a tendency to shorten rotation length (Haight
et al. 1995; Price 2011; Rakotoarison and Loisel 2017). In the
same vein, fire risk reduces the rotation length compared to a
deterministic situation, both theoretically (Reed 1984; Martell
1994; Amacher et al. 2005) and empirically (Kuuluvainen and
Tahvonen 1999; Englin et al. 2000). The article of Newman
(2002) provided an interesting overview of the literature on
this topic. This last result is thus discussed with regard to
amenity values (Englin et al. 2000), changes in fire risk over
time (Stollery 2005), and risk aversion (Alvarez and Koskela
2006), among others. However, this literature only concen-
trates on fire risk and storm, which have characteristics
different from drought risk. Indeed, a drought risk occurrence
has a lower direct impact on a forest stand than fire or
storm, but this impact lasts several years and increases
over time. In addition, this literature is not interested in the
impact of climate change on the risk, although it is well known
that climate change will increase the intensity and frequency
of natural events, in particular, drought events.

The second literature deals with forest adaptation via an
economic approach. First, Hanewinkel et al. (2010) and
Brunette et al. (2014) focused on species shifts as an adapta-
tion option to deal with climate change. Hanewinkel et al.
(2010) evaluated the economic effects of a predicted shift
from Norway spruce to European beech in southwest
Germany. They show that the suitable area for Norway spruce
should decrease between 21 and 93%, depending on the1 This definition applies for a normal forest.
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climatic scenario, corresponding to a decrease in the land ex-
pectation value (LEV) between €690 million and €3.1 billion.
Brunette et al. (2014) used the framework of cost-benefit anal-
ysis to assess the economic rationale for converting Norway
spruce stands to Douglas fir in the Montagne Noire region in
central southern France. They show that the species shift is
LEV-maximizing under a wide range of a priori (subjective)
probabilities attached to the high mortality of Norway spruce
under climate change. Second, Yousefpour et al. (2010) and
Yousefpour and Hanewinkel (2014) focused on mixed stands
rather than monoculture as a possible adaptation strategy. In
particular, they deal with the introduction of beech into a pure
Norway spruce stand. In the same vein, Schou et al. (2012)
analyzed the simultaneous transformation of adjacent even-
aged stands (a forest division) into mixed conifer/
broadleaved stands. Recently, Jönsson et al. (2015) compared
several adaptation options to face storm risk in forests from an
economic point of view and concluded that a portfolio of
adaptation strategies is needed to reduce the risk of storm
damage and to fulfill a variety of management goals. This
short literature review reveals that, to our knowledge, no study
has yet been conducted in a context of adaptation to the risk of
dieback induced by a drought event, and that the reduction of
rotation length is never analyzed from an economic perspec-
tive as a potential adaptation strategy.

In this paper, our objective is to address the reduction of
rotation length to deal with the risk of drought-induced decline
events taking a multidisciplinary approach. We first estimate
probabilities and impacts of drought events using both water
balance modeling and knowledge of tree vulnerability to soil
water deficit, and then, using a forest economics approach, we
evaluate the relevancy of reducing rotation length. We focus
on a plantation of Douglas fir stand with a rotation of 55 years.
The stand is located in the Burgundy (Bourgogne) region of
France, the second region of Douglas fir production in France
that was severely impacted by the extreme drought event in
2003. We question the economic relevance of reducing the
rotation length to 40 years as a strategy to reduce the risk of
drought-induced dieback. In France at this time, Douglas fir
silviculture consists in rotations of around 50 years. However,
Douglas fir is known to be sensitive to soil water deficit,
leading to growth reduction and transpiration limitation
through stomatal closure (Aussenac et al. 1984; Aussenac
and Granier 1988) and changes in tree ring carbon isotope
composition (Lévesque et al. 2013). Both water and nutrient
availability are known to control Douglas fir productivity in
its natural range (Nigh 2006; Littell et al. 2008; Chen et al.
2010). Although Douglas fir is considered to be drought-
tolerant compared to spruce (Lévesque et al. 2013; Vitali
et al. 2017), in the event of recurrent and/or severe drought
events, Douglas fir decline has been reported in France, in-
cluding cases of tree mortality (Sergent et al. 2012), which are
a serious concern for forest owners. In a context of climate

change, leading to an increased probability of extreme drought
events, including in France (Najac et al. 2010), the risk for a
forest stand to experience a drought event that will induce
decline is also increased. The option, consisting in the reduc-
tion of rotation length, has been recommended as a way to
increase the probability of being able to cope with the
drought-induced risk of decline. We explore here the econom-
ics of moving Douglas fir rotation from 55 to 40 years in a
context of increasing drought occurrence due to climate
change. We introduce climatic risk with a soil water balance
projection using a climatic scenario, where increasing drought
occurrence differs among temporal horizons (near or distant
future) and depends on site fertility (low or high). We com-
pare, from an economic point of view, three different adapta-
tion strategies: absence of adaptation, immediate adaptation,
and delayed adaptation. We also look at the sensitivity of the
result to discount rates and uncertainty sources. Beyond the
specificities of the case study, this paper proposes a multidis-
ciplinary approach to address adaptation strategies.

2 Materials and methods

We describe our procedure step-by-step. We first present the
economic method that we chose (Sect. 2.1), we then describe
the case study (Sect. 2.2) and, finally, we define the variables
of our study, the risk, adaptation strategies, and fertilization
cost (Sect. 2.3).

2.1 Economic method

We follow the economic method in two steps proposed in
Brunette et al. (2014). The first step consists in the calculation
of the net present value (NPV) of costs and benefits for one
rotation. The NPV is the present value of positive payments
minus the present value of negative payments made at differ-
ent points in time (Klemperer 1996). The calculation is as
follows:

NPV ¼ ∑
n

i¼0

Bi−Ci

1þ rð Þi

where i is the year with 0 ≤ i ≤ n, B is the benefits, C the costs,
r the discount rate, and n the rotation length.

In a second step, we compute the land expectation value
(LEV) as follows:

LEV ¼ ∑
∞

i¼0

Bi−Ci

1þ rð Þi

where i is the year with 0 ≤ i ≤ n, B is the benefits, C the costs,
r the discount rate, and n the rotation length. The private forest
owner’s objective is assumed to maximize the LEV. This cri-
terion is well suited to our analysis because the infinite
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discounting makes it possible to compare management op-
tions associated with different temporal horizons (Morel and
Terreaux 1995), such as Douglas fir with rotations of 55 years
and 40 years.

Such an economic criterion assumes that the silvicultural
path is identical for each rotation. This means that each oper-
ation (thinning, maintenance, harvest) is implemented at the
same date and for the same cost/benefit, during an infinite
period. Consequently, if the stand suffers from a drought, it
is assumed that the forest manager will follow the silvicultural
path up to the final harvest. This criterion is largely used in the
forest economics literature (Yousefpour et al. 2012), and cur-
rent researches try to extend it when future parameters are
uncertain (Amacher et al. 2011), offering thus interesting tools
for future research.

2.2 Case study

The silvicultural path, presented in Table 1, represents the
costs and benefits associated with technical operations on
the Douglas fir stand depending on the rotation length,
55 years or 40 years.2 These two rotation lengths were not
the result of an optimization. They were chosen after discus-
sion with forestry experts in private forest management. They
represent two realistic situations in terms of planting Douglas

fir in the Burgundy region and, as a consequence, the experts
can provide us the data presented in Table 1. We consider that
the Douglas fir stand is composed of 1100 stems/ha without
natural regeneration. Planting costs €1915/ha, regardless of
the rotation length. The difference concerns the number of
operations on the stand, their objective (maintenance, thin-
ning, harvest), and the type of wood products to be sold.

The choice of a discount rate is a debate in forest econom-
ics for a long time (Forston 1986; Klemperer et al. 1994, etc.)
and nothing seems to be decided. Indeed, following Brukas
et al. (2001) the usual range for forestry project is [2%, 4%],
following Calvet et al. (1997) it may be higher for short rota-
tion period, and it should be 4% following Snowdon and
Harou (2014). After discussion with the forestry experts, we
assume a 2% discount rate, and to analyze the robustness of
our results to the variation of this parameter, we perform a
sensitivity analysis (see Sect. 3.2).

These silvicultural data are constructed following the same
price curve. The prices go from 20 €/m3 for Douglas fir of
around 20 years old to more than 60 €/m3 for Douglas fir of
55 years old. For instance, for the short rotation, the first
thinning occurs at 20 years and 92 m3/ha are harvested,
representing 508 stems/ha. The timber price is €25.2/m3, so
that 25.2 × 92 = €2318/ha. In the same way, for the long rota-
tion, the harvest occurs at 55 years and 612 m3/ha are harvest-
ed, representing 275 stems/ha. The price is €62.7/m3, so that
62.7 × 612 = €38,372/ha.

The NPV calculated in Table 1 indicated that without risk,
it is better for the forest owner, from a purely economic

Table 1 Silvicultural operations and associated benefits as a function of rotation length

Operations (year) Benefits for long rotation (LR) in €/ha Benefits for short rotation (SR) in €/ha Harvested (stems/ha) Harvested volume in m3/ha

Initial costs − 1915 − 1915
Maintenance (1) − 150 − 350
Maintenance (2) − 200 − 200
Maintenance (3) − 150

Maintenance (4) − 200
Maintenance (5) − 200

Maintenance (16) − 700

Thinning (20) 2318 508 92

Thinning (22) 1344 385 70

Thinning (25) 1676 150 57

Thinning (29) 1950 180 67

Thinning (30) 2277 100 59

Harvest (40) 29,878 342 503

Thinning (42) 7179 190 143

Thinning (48) 5058 70 90

Harvest (55) 38,372 275 612

NPVa NPVLR = 16,873 NPVSR = 14,735

Source: Institute for Forest Development (IDF) and the Société Forestière de la Caisse des Dépôts et Consignations (SFCDC)
aAuthor’s calculations

2 We assume that the quality of the site is identical for the two management
options, rotation length of 40 years and 55 years, mainly because the two
options that we compare involve the same tree species in the same region.
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perspective, to implement a long rotation length rather than a
short one.

2.3 Variables

In this section, we characterize the drought event in terms of
frequency and intensity. We describe the adaptation options
considered and we justify the introduction of a fertilization
cost.

2.3.1 Characterization of the drought event

We consider an even-aged monoculture Douglas fir stand that
has just been clear-cut and in which natural regeneration is not
present. The only source of risk that we consider is the risk of
drought-induced decline leading to growth reduction and to
the mortality of some trees. This impact of drought occurrence
evaluation requires a two-step approach:

(1) The soil water deficit is quantified using a daily water
balance model (Biljou©; Granier et al. 1999) based on
current and future climates for a reference weather sta-
tion (Dijon (Burgundy); source: INRA, altitude: 211 m,
rainfall: 663mm,mean temperature: 10.2 °C). The future
climate for the study case resulted from the ARPEGE
climate model (version 4) developed by Météo France,
associated with the A1B greenhouse gas emissions sce-
nario of the IPCC. This scenario corresponds to an in-
crease in the average temperature in France of around +
2 °C at horizon 2050 and around + 3.2 °C at horizon
2100, compared to the period 1970–2000. In terms of
rainfall, this scenario forecasts a decrease of around
25 mm/year for the end of century (Brisson and
Levrault 2011).

According to the CLIMATOR modeling protocol (ANR-
006-VULN-007; Bréda et al. 2011), the soil water balance is
calculated for a Douglas fir stand with a leaf area index of 6
and two types of soil properties, in order to test the interaction
between climate change and the buffering effect of soil reten-
tion properties. The Biljou© water balance model is run for
two types of soil that differ by their soil extractable water
(EW), a high one corresponding to good site fertility (EW of
127 mm) and a low one corresponding to poorer site fertility
(EW of 97 mm).

(2) Within the framework of the DRYADE project (ANR-
006-VULN-004), Douglas fir dieback was shown to be
drought-induced, had radial growth and a crown condi-
tion that was impaired above a drought index threshold
calculated by soil water balance as described above
(Sergent et al. 2012). In the present work, the probabili-
ties of drought-induced risk of decline under future

climate are calculated as the probability that the soil wa-
ter deficit exceeds the intensity determined during the
Douglas fir decline in Burgundy after the successive
dry years from 2003 to 2006. The probabilities are cal-
culated for one climate model, three time slices—Brecent
past^ or baseline (1970–2000), near future (2020–2059),
and distant future (2070–2100)—and three methods of
climatic data downscaling (anomalies, weather type, dy-
namic quantile-quantile). The interested reader can find
more details concerning the climate models and the level
of disintegration in the Green Book of the CLIMATOR
project coordinated by Brisson and Levrault (2011).

We observed that probabilities are very dependent on
methods of global to regional climate downscaling, which
represent a major part of the climatic uncertainty. Indeed,
Bréda et al. (2011) previously established that at regional scale
where adaptation takes place, the downscaling uncertainty is
far greater than the SRES hypothesis or the climate model
choice. To take the uncertainties due to climatic data down-
scaling at the regional scale into account, we considered
higher and lower probabilities for each time slice and for each
soil extractable water, so that probabilities of drought-induced
risk of decline range as follows (Table 2):

Probability ph is the highest probability (depending on
downscaling method combinations) that a drought likely to
induce Douglas fir decline will occur before 2059, and ah is
the corresponding one for the 2100 horizon. In the same way,
pl corresponds to the lowest probability that such a drought
event will occur before 2059, and al before 2100. Finally, the
probabilities p are calculated with observed climatic data
(1970–2000); i.e., they reflect the previously established prob-
ability of drought capable of inducing a decline in the studied
region. These values ensure that the probability of drought
occurrence will be severely increased under climate change.

Regarding the impacts of drought events onDouglas fir, we
assume that either there is a drought occurrence during the
next rotation (with probability p) or during all the subsequent
rotations (with probability a), or that there is not (with 1 − p, 1
− a, respectively). If the drought does not occur, the silvicul-
tural data are those presented in Table 1. The impact of
drought on forest stands is difficult to estimate, even if some
information may be extracted from scientific knowledge to
characterize this impact. First, the French Forest Health
Service (Département de Santé des Forêts (DSF)) did not re-
port any Douglas fir decline due to drought events on young
trees, i.e., less than 20 years old. Consequently, we assume
that when the drought episode impacts Douglas fir stands, it is
after the first thinning that occurswhen trees are about 20 years
old, regardless of the rotation length. Such an assumption is
also consistent from an economic perspective because the first
thinning corresponds to the first benefits. Second, after the
extreme drought event of 2003 in Burgundy, it was observed
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that the loss of volume (including increment loss and volume
of dead trees) varied between 15 and 40%, depending on the
stand (Sergent et al. 2012), so that we assume a loss of 15%.
To sum up, we assume that with a drought occurrence at each
thinning (except the first one) or at final harvest, the volume
and, thus, the associated benefits are 15% lower than without a
drought occurrence (see Table 1). For example, for the long
rotation, if the drought occurs, as assumed after the first thin-
ning, the harvested volume at the second thinning (year 29) is
reduced by 15%, going from 67m3 without a drought event to
57 m3 with a drought event and, consequently, the associated
benefits are also reduced by 15%, dropping from €1950/ha to
€1657/ha.

In this context, the NPVs change as follows: NPVDR

(LR) = €14,009/ha and NPVDR (SR) = €12,364/ha. Note that
the impact of a drought occurrence on the NPV is not propor-
tional. Indeed, while the timber volumes and benefits are re-
duced by 15% due to drought occurrence, the NPVs for short
rotations are reduced by 19% (from €14,735/ha without
drought to €12,364/ha with drought) and for long rotations
by 20% (from €16,873/ha without drought to €14,009/ha with
drought). Therefore, the percentage impact of drought on the
NPV seems to be similar regardless of the rotation length.

2.3.2 Adaptation strategies

To face the risk of drought-induced decline, as defined in the
previous section, we consider that the owner may react in
three different manners:

& Strategy 1 (S1): replanting Douglas fir now with a rotation
of 55 years and keeping this management option for sub-
sequent rotations (no adaptation, silviculture as usual).

& Strategy 2 (S2): planting Douglas fir now with a rotation
of 40 years and keeping this management option for sub-
sequent rotations (immediate adaptation).

& Strategy 3 (S3): replanting Douglas fir now with a rotation
of 55 years with the intention of shifting to shorter rota-
tions of 40 years after the end of the rotation (delayed
adaptation).

Natural regeneration is not considered as an option for ad-
aptation for any of these strategies. We make the assumption
that Douglas fir stands are only renewed by planting.

The objective of the present study is to economically com-
pare these three adaptation strategies, with Strategy 1 as a
benchmark. For that purpose, we will compute the LEVasso-
ciated with each strategy.

2.3.3 Fertilization cost

Let us now introduce a fertilization cost (FC). Indeed, the
reduction of rotation increases the exportation of young wood
with a higher nutrient content, and then reduces the soil fertil-
ity that could impair the sustainability of productivity and
profitability, especially in the case of low site fertility
(Ranger and Turpault 1999; Sergent et al. 2012). Recent re-
sults in biogeochemical cycling in forests recommended com-
pensating such nutrient exportation in sites with poor fertility
by liming or fertilization in order to sustain long-term produc-
tivity. To take this recommendation to sustain stand produc-
tivity into account, we introduce a fertilization cost of €250/ha
for each new planting (i.e., every 40 years) on the low soil
extractable water and low fertility.We consider that in the case
of high site fertility, this extra cost is not necessary.

Consequently, in the case of high site fertility, the LEVs are

LEV S1ð Þ ¼ p NPVDR LRð Þ þ a
NPVDR LRð Þ
1þ rð Þ55 � 1þ rð Þ55

1þ rð Þ55−1

 !
þ 1−að Þ NPV LRð Þ

1þ rð Þ55 � 1þ rð Þ55
1þ rð Þ55−1

 !" # !

þ 1−pð Þ NPV LRð Þ þ a
NPVDR LRð Þ
1þ rð Þ55 � 1þ rð Þ55

1þ rð Þ55−1

 !
þ 1−að Þ NPV LRð Þ

1þ rð Þ55 � 1þ rð Þ55
1þ rð Þ55−1

 !" # !
ð1Þ

Table 2 Probability of drought
occurrence for high- and low-
fertility sites

Horizon High-fertility site Low-fertility site

Higher probability Lower probability Higher probability Lower probability

1970–2000 p = 0.41 p = 0.32 p = 0.51 p = 0.35

2020–2059 ph = 0.79 pl = 0.44 ph = 0.83 pl = 0.48

2070–2100 ah = 0.93 al = 0.68 ah = 0.93 al = 0.71

Source: Authors’ calculations
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LEV S2ð Þ ¼ p NPVDR SRð Þ þ a
NPVDR SRð Þ
1þ rð Þ40 � 1þ rð Þ40

1þ rð Þ40−1

 !
þ 1−að Þ NPV SRð Þ

1þ rð Þ40 � 1þ rð Þ40
1þ rð Þ40−1

 !" # !

þ 1−pð Þ NPV SRð Þ þ a
NPVDR SRð Þ
1þ rð Þ40 � 1þ rð Þ40

1þ rð Þ40−1

 !
þ 1−að Þ NPV SRð Þ

1þ rð Þ40 � 1þ rð Þ40
1þ rð Þ40−1

 !" # !
ð2Þ

LEV S3ð Þ ¼ p NPVDR LRð Þ þ LEV S2ð Þ
1þ rð Þ55

 !
þ 1−pð Þ NPV LRð Þ þ LEV S2ð Þ

1þ rð Þ55
 !

ð3Þ

Note that we choose to present the non-simplified equa-
tions in order to make salient the different possible states of
nature. A simplified version of Eq. (1) will give

LEV S1ð Þ ¼ NPVDR LRð Þ pþ a

1þ rð Þ55−1

 !

þ NPV LRð Þ 1−pð Þ þ 1−að Þ
1þ rð Þ55−1

 !

In the case of low site fertility, the LEVof Strategy 1 does
not change due to independence with short rotation, but the
LEVs of Strategies 2 and 3 become

LEVFC S2ð Þ ¼ p NPVDR SRð Þ þ a
NPVDR SRð Þ−FC

1þ rð Þ40 � 1þ rð Þ40
1þ rð Þ40−1

 !
þ 1−að Þ NPV SRð Þ−FC

1þ rð Þ40 � 1þ rð Þ40
1þ rð Þ40−1

 !" # !

þ 1−pð Þ NPV SRð Þ þ a
NPVDR SRð Þ−FC

1þ rð Þ40 � 1þ rð Þ40
1þ rð Þ40−1

 !
þ 1−að Þ NPV SRð Þ−FC

1þ rð Þ40 � 1þ rð Þ40
1þ rð Þ40−1

 !" # !

ð4Þ

LEVFC S3ð Þ ¼ p NPVDR LRð Þ þ LEVFC S2ð Þ
1þ rð Þ55

 !

þ 1−pð Þ NPV LRð Þ þ LEVFC S2ð Þ
1þ rð Þ55

 !
ð5Þ

3 Results

Table 3 presents the LEV of each strategy as a function
of the site fertility (high or low) and the probability of
risk occurrence (high or low). The LEV(S1) is obtained
from Eq. (1), the LEV(S2) from Eq. (2) for high fertil-
ity and Eq. (4) for low fertility, and the LEV(S3) from
Eq. (3) for high fertility and Eq. (5) for low fertility.

Table 3 reveals that Strategy 2 provides the best economic
return compared to the two other ones in all scenarios. As a
result, from an economic point of view, Strategy 2 dominates
Strategy 3, which dominates Strategy 1. Note that the absence
of adaptation is the worst option from an economic
perspective.

We analyze the sensitivity of this result to the level of loss
(Sect. 3.1) and the discount rate (Sect. 3.2). Our approach
also makes it possible to observe the effect of the uncertainty
sources on the LEV (Sect. 3.3).

3.1 Sensitivity to the level of loss

The results presented in Table 3 are true for a loss of volume of
15% in the case of drought occurrence. However, as indicated
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before, a loss of volume ranging from 15 to 40%, depending
on the stand, was observed after the drought of 2003 in
Burgundy (Sergent et al. 2012), so that the question is: are
these results still true for a loss of volume of 40%? And the
answer is yes, as indicated in Table 4.

However, for higher levels of loss that may be envisaged in
the future due to climate change effects, the results change.
More precisely, we can observe a cross-effect of the level of
loss in the case of drought occurrence and the level of proba-
bility of the occurrence of the drought event. Indeed, we ob-
served that since the loss of volume reached 48%, Strategy 3
dominates the two other ones when the probabilities are low.
This means that a trade-off appears between the frequency and
the intensity of the damage. Thus, if the potential damage is
high (> 48%) but the probabilities of occurrence of this poten-
tial damage are low, then the best economic option is to delay
adaptation (Strategy 3), regardless of the fertility level. On the
contrary, if the potential damage is Blow^ (< 48%) but the
probabilities of occurrence are high, then it seems better, from
an economic point of view, to adopt an immediate adaptation
(Strategy 2), regardless of the fertility level. Note that in the
studied condition with such a severe increase of drought
events and the associated risk of decline, adaptation is always
preferable to the absence of adaptation, but the timing of this
adaptation may change as a function of the level of loss.

3.2 Sensitivity to the discount rate

It is rather complex to adopt a discount rate for forest projects
(Calvet et al. 1997; Gosselin et al. 2011), so we conducted a

sensitivity analysis on the 2% discount rate. Figure 1 repre-
sents the variation of the LEV function of the discount rate for
high-fertility and high-probability scenarios.

The result is interesting since it challenges the domination
of Strategy 2 that we obtain (except when the volume of loss is
higher than 48% and probabilities are low). Indeed, we can
observe that when the discount rate is 1%, we have
LEV(S1) > LEV(S3) > LEV(S2). Since the discount rate in-
creases, we then obtain our common result LEV(S2) >
LEV(S3) > LEV(S1). A forest owner with a low rate of pref-
erence for the present (i.e., low discount rate) is attracted by
the high return from final harvest when the rotation length is
long, and thus prefers Strategy 1 that maintains a long rotation.
In keeping with this idea, his/her worst option is the immedi-
ate adaptation of Strategy 2. Strategy 3 is thus an intermediate
strategy. When the rate of preference increases, the forest
owner over-estimates the expenses linked to maintenance op-
erations when the rotation length is long and appreciates the
fact that benefits occur earlier in time (year 20) when the
rotation length is shorter, thus preferring Strategy 2.

This result is true regardless of the fertility level and the
level of probabilities.

3.3 Sensitivity to the uncertainty sources

Our approach makes it possible to quantify the respective
contribution of the uncertainty on the downscaled future cli-
mate, the adaptation strategy, and the site fertility to the eco-
nomic criterion, the LEV.

We show that the LEV is first sensitive to climatic uncer-
tainty. This means that for the same adaptation strategy and
the same site fertility, a gap is observed between the LEV
calculated with high probabilities (ph, ah) and low probabili-
ties (pl, al). For example, consider Strategy 1 and a high fer-
tility, then the LEV associated with low probabilities is
€21,818/ha, and with high probabilities, it is €23,183/ha, i.e.,
a difference of 6.25%.

The economic criterion is also sensitive to the adaptation
strategy. Indeed, differences appeared between the LEV function
of the adaptation strategy. Consequently, for the same fertility
and the same level of probabilities (high or low), we note a gap
between the LEV of the different strategies. For example, con-
sider a high fertility and high probabilities (ph, ah). If we compare
Strategies 1 and 2, we observe that LEV(S1) = €21,818/ha and
that LEV(S2) = €23,234/ha, i.e., a difference of 6.49%. Note that
the difference between LEV(S1) and LEV(S2) is approximately
6% regardless of the fertility level and the probabilities (high or
low). The difference between LEV(S1) and LEV(S2) is then
5.92% for high fertility and low probabilities, 5.08% for low
fertility and low probabilities, and 5.66% for low fertility and
high probabilities.

The third sensitivity concerns site fertility. The increase in
drought occurrence in the studied region is such that the soil

Table 3 LEV for each strategy as a function of the site fertility, the
probability of risk occurrence, and for a 15% loss of timber volume (€/ha)

High fertility Low fertility

ph, ah pl, al ph, ah pl, al

LEV(S1) 21,818 23,183 21,703 23,025

LEV(S2) 23,234 24,555 22,932 24,194

LEV(S3) 22,429 23,876 22,213 23,640

Source: Authors’ calculations

Table 4 LEV for each strategy as a function of the site fertility, the
probability of risk occurrence, and for a 40% loss of timber volume (€/ha)

High fertility Low fertility

ph, ah pl, al ph, ah pl, al

LEV(S1) 15,796 19,437 15,491 19,015

LEV(S2) 17,068 20,591 16,609 19,974

LEV(S3) 16,584 20,442 16,124 19,929

Source: Authors’ calculations
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extractable water cannot significantly mitigate the risk of de-
cline: the LEV is thus insensitive to site fertility. Consequently,
for the same adaptation strategy and the same level of proba-
bilities (high or low), the gap between the LEVobtained with
high fertility and low fertility is very low, generally less than
1%. For instance, for Strategy 1 and high probabilities (ph, ah),
the LEV for high fertility is €21,818/ha and the one for low
fertility is €21,703/ha, i.e., a difference of 0.53%.

To sum up, climatic uncertainty at the regional scale is
passed on to biophysical impact models and then to economic
models, thus creating a cascade effect in the adaptation
decision-making process.

4 Discussion

Our results suggest that reducing the rotation length is eco-
nomically profitable for the forest owner, rather than the ab-
sence of adaptation.

This result is obtained without considering forest owner’s
preferences towards risk and time, while the literature shows
that these parameters may play a significant role on some
forest management decisions (Uusivuori 2002; Alvarez and
Koskela 2006; Couture and Reynaud 2008; Brunette et al.
2017).

In addition, this conclusion is true for a 2% discount rate,
and the sensitivity analysis conducted on this unpredictable
parameter in the future highlights the role of the discount rate
in such an analysis, as reported by other authors (Calvet et al.
1997; Gosselin et al. 2011; Brunette et al. 2014).

Moreover, our study focuses on financial loss, neglecting
other losses like non-timber ones. Indeed, the loss associated
with the occurrence of a drought event is expressed in terms of
timber volume and converted to financial loss through timber
prices. Consequently, there is no consideration of non-timber
losses like the decrease of the carbon stock, deterioration of

habitats, and lower biodiversity. This remark is linked to the
paper of Englin et al. (2000). Their results indicate that while
fire risk shortens the rotation period, the consideration of non-
market values associated with wilderness recreation would
lengthen the rotation periods. In the same vein, we do not
consider some major expenses for the owners such as the
initial purchase of the forest stand (or of the ground), the land
tax, potential insurance premiums (civil liability, natural
risks), and costs linked to overseeing or management (expert,
cooperative). Consequently, the land expectation value that
we calculated could be overestimated.

In addition, if adaptation is preferable to the absence of
adaptation, as suggested by our result, we can wonder why
forest owners may be reluctant to implement adaptation op-
tions. The answer is probably linked to the forest owner’s risk
perception. Indeed, to implement adaptation strategies, forest
owners have to be convinced that climate change may be a
threat to their forests (Sousa-Silva et al. 2016). Some papers
highlight the fact that forest owners’ risk perception is a major
issue when dealing with adaptation strategies (Blennow and
Persson 2009; Blennow et al. 2012; Yousefpour and
Hanewinkel 2015). For example, Yousefpour and
Hanewinkel (2015) focused on forestry professionals’ percep-
tions of climate change, impacts, and adaptation strategies for
forests in south-west Germany. The majority of respondents
said they were under-informed about climate change, even if
most of them considered climate change as a reality.

Finally, we focused on a case study, a Douglas fir stand
facing an increasing risk of drought-induced decline attrib-
utable to climate change, so that further research is needed
to generalize our conclusions at the national scale and to
test other adaptation options like natural regeneration in-
stead of planting, lowering the stand leaf area index for a
more Bwater-saving^ silviculture, or rotations shorter than
40 years. Nevertheless, the present study offers an interest-
ing initial approach.
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5 Conclusion

This paper analyses the reduction of rotation from 55 to
40 years in the context of a Douglas fir stand as an
option to cope with the increasing risk of tree decline
induced by recurrent drought events due to a decrease
in both exposure and tree vulnerability due to age.
From a forest management point of view, this is a win-
win strategy. Our results indicate that from an economic
point of view, it is still true. Indeed, we show that im-
mediate reduction of rotation length seems to be the best
economic option for the forest owner, followed by a
delayed adaptation and, finally, the absence of adapta-
tion. Consequently, the reduction of rotation length
seems to be an efficient strategy to cope with the
drought-induced risk of decline, as it was to cope with
the risk of forest fires and storms (Reed 1984; Martell
1994; Haight et al. 1995; Amacher et al. 2005;
Kuuluvainen and Tahvonen 1999; Englin et al. 2000;
Price 2011; Rakotoarison and Loisel 2017). We demon-
strate the sensitivity of this result to the severity of tim-
ber loss in the case of a drought event occurrence. If the
loss of timber volume is higher than 48%, then delayed
adaptation may be preferable if the probabilities of
drought occurrence are low. On the other hand, if the
loss is lower than 48% and the probabilities are high,
then immediate adaptation seems to be relevant. We also
prove the sensitivity of the result to the discount rate.

The multidisciplinary approach developed here makes
it possible to quantify biological impacts of future drought
events and to economically evaluate several adaptation
strategies to cope with the risk of decline. Such an ap-
proach requires close collaboration between economists
specialized in risks and the community of climatologists
and ecologists who study the biological impacts of cli-
mate change. As indicated by Yousefpour et al. (2012),
BFuture studies should attempt to bridge the gap between
comprehensive ecological models and economic models
to assist forest decision makers […].^
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