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Abstract
• Key message Phytosanitary risks are an increasing
threat for forest, particularly due to climate change.
Risk handlingmeasures are effective economic strategies
to manage such risks, so that Economics may provide
relevant methodology to address this new challenge.
• Context Hylobius abietis and Heterobasidion annosum
are two phytosanitary risks generating increasing damage in
the Landes de Gascogne Forest.
• Aims We provide an economic comparison of different
existing risk handling measures againstHylobius abietis and
Heterobasidion annosum.
• Methods We use the Land Expectation Value, i.e., Faust-
mann criteria, to compare the different scenarios.
• Results We find that for Hylobius abietis, chemical treat-
ment and fallow seem to be economically preferable to
the absence of risk handling measure. For Heterobasidion
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annosum, we show that local stump removal is always
preferable to total stump removal and chemical treatment.
Local stump removal should be preferred to fallow when
contamination occurs during the second thinning. Finally,
our results indicate that fallow is always preferable to
chemical treatment.
• Conclusion Beyond the specificities of the case study, the
paper proposes amethodology to analyze such a problematic.

Keywords Phytosanitary risks · Cause-oriented
measures · Weevil · Fungus · Economics

1 Introduction

Climate change impacts forest health in both direct and
indirect ways. On the one hand, temperature, solar radia-
tion, rainfall, and atmospheric CO2 concentrations represent
major direct drivers of forest productivity and forest dynam-
ics (Scholes et al. 2014). On the other hand, climate change
influences insect population dynamics and geographical
shifts such as population release due to warmer winter tem-
peratures (Bentz et al. 2010), as well as fungus development
(Scholes et al. 2014), both of which increase the risks of
invasion in forest ecosystems.

This relationship is already supported by recent observa-
tions in North America (Hogg et al. 2008; Michaelian et al.
2011) and Europe where an increasing incidence of disease
has been observed in many forests (FAO 2008). Between
1994 and 2005, 57 % of European forest damage was caused
by biotic hazards, with 34 % due to insects, 19 % due
to fungi, and 4 % due to herbivorous mammals, whereas
abiotic hazards were responsible for 22 % of the damage
and anthropogenic hazards for 21 % (Jactel et al. 2012). In
France, 14 % of the trees are attacked each year by pests and
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5 % by fungi. They generate 81 % of the overall observed
damage in forests, of which 61 % is caused by insects and
20 % by fungi (Jactel et al. 2012). Such risks are likely to
increase in the near future due to rising temperatures and
an increased recurrence of major climatic events (Kovats
et al. 2014). Moreover, it has been demonstrated that a rise
in temperature leads to an increase of some biotic hazards
(Rouault et al. 2006), whereas the increase in frequency and
intensity of some natural hazards favors the development
of phytosanitary problems (Desprez-Loustau et al. 2007;
Berggren et al. 2009). In addition to these climate factors,
human activities are also likely to increase species displace-
ment rates by intentionally or unintentionally dispersing
individuals or propagules. In particular, the increasing glob-
alization of trade facilitates the import of exotic species,
which may result in new biotic hazards (Roques et al. 2009;
Desprez-Loustau et al. 2010).

Risk handling appears to be the most effective economic
strategy to manage phytosanitary risks in the forest (Parker
and Gilbert 2004; Jactel et al. 2009). In addition to conven-
tional chemical treatments, other possibilities exist. They
include the selection of tolerant or resistant families and
clones in pure stands (Jactel et al. 2009), stump removal,
and the preference for mixed-species forests as well as the
use of a fallow period at the end of a forest rotation (Jactel
and Brockerhoff 2007).

In the forest economics literature, risk handling measures
are analyzed in many contexts and through various method-
ologies. For example, some authors proposed to analyze the
mixed-stand as an efficient risk-reducing mechanism using
portfolio theory (Knoke et al. 2008; Roessiger et al. 2011;
Neuner et al. 2013). Other authors focus on the impact of
risk handling measures against fire or storm on the opti-
mal harvesting age in a Faustmann-type framework (Reed
1987; Thorsen and Helles 1998; Yoder 2004; Amacher et al.
2005). Another group of papers focuses on the effect of
risk handling measures (species shift, reduction of rotation
length, timing and intensity of thinning, planting density)
on the forest land value in a Faustmann fixed-length rota-
tion model (Goodnow et al. 2008; Brunette et al. 2014).
Some surveys also deal with the handling of risk in a
forestry context. In this vein, Hahn and Knoke (2010) linked
risk handling strategies and precautionary principle, while
Yousefpour et al. (2012) reviewed the decision-making
approaches to handle uncertainty and risk in adaptive forest
management under climate change.

However, to our knowledge, no paper addresses the risk
handling measures of phytosanitary risks in forest through
an economic approach. In this paper, our aim is to fill this
gap by questioning the economic relevance of some exist-
ing risk handling measures against phytosanitary risks. For
that purpose, we adopted a forest economics methodology
based on the Land Expectation Value (LEV) calculation in

order to compare existing strategies to face some phytosan-
itary problems. We applied our methodology to the Landes
de Gascogne Forest both for geographical and economic
reasons. The Landes de Gascogne Forest is located in south-
western France, near the Atlantic Ocean, where new pest
invasion has become a major threat over the last decades.
It is the largest cultivated and privately owned (92 %) for-
est in Europe, primarily composed of maritime pine (Pinus
pinaster), and covers two thirds of the Landes de Gascogne
region. The forest plays a significant role in the economic
development of the region through forestry and forest-based
industries (Mora et al. 2014). However, the Landes de
Gascogne Forest recently suffered from two major storms,
Lothar in December 1999 and Klaus in January 2009, which
weakened the biological equilibrium of the forest and its
resilience capacity. Such extreme climatic events have facil-
itated phytosanitary risks. In addition, this forest is managed
as a monoculture, a type of forest management resulting in
a high sensitivity to phytosanitary problems (Jactel et al.
2008) since forest pathogens, insects, and fungi are often
specific to a species and/or an age class. The two main
phytosanitary risks that threaten the Landes de Gascogne
Forest are a weevil (Hylobius abietis) and a fungus (Heter-
obasidion annosum). Hylobius abietis is the most common
weevil in coniferous plantations during their early years
(Canteloup and Castro 2012) while Heterobasidion anno-
sum is a root fungus responsible for greater damage on the
maritime pines of the Landes de Gascogne Forest (Piou and
Jactel 2010). According toWoodward et al. (1998), it is con-
sidered to be the most economically important forest fungus
in the Northern Hemisphere. In Europe alone, Heteroba-
sidion annosum is responsible for the loss of C800 million
annually ($1 billion US), and this fungus is also widespread
in forests in the US. Assessments of economic losses due
to Heterobasidion annosum are generally obtained by mea-
suring the reduction in yield and value of timber. According
to Gonthier et al. (2012), such estimates were performed
in plantations of Sitka spruce (Picea sitchensis (Bong.)
Carr.), Norway spruce, and Scots pine (Pinus sylvestris L.)
but not on maritime pine. Both raise significant economic
concerns in this region, and assessments of the economic
costs and losses that they induce – along with the costs of
the risk handling measures – are becoming a prerequisite
to improve the decision-making process of private forest
owners.

2 Materials and method

2.1 Definitions

According to Knight (1921), risk refers to a situation where
the probability of the occurrence of a disaster is well-known,
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whereas uncertainty refers to a situation in which the prob-
ability of occurrence is not known. The probability of
occurrence of some events may be difficult to estimate due
to the lack or scarcity of past occurrences; in this case, only
intervals of probabilities are available. In this paper, we refer
to risk whenever the associated probability of occurrence
of Hylobius abietis and Heterobasidion annosum is known,
and we refer to uncertainty whenever the probability and/or
the amount of the damage is not known.

In order to face risk, risk handling measures exist. They
can be divided into cause-oriented or effect-oriented mea-
sures (Hanewinkel et al. 2010; Hanewinkel et al. 2011).
Effect-oriented risk handling measures aim at reducing the
amount of damage but do not reduce the probability of dam-
age, while cause-oriented measures aim either at avoiding
damage by abandoning risk-prone activities (risk avoidance)
or at reducing the probability of damage by adopting pre-
ventive measures (risk prevention). In this paper, we focus
on cause-oriented measures for two main reasons. First, a
traditional effect-oriented measure is the transfer of risk to
a third party through insurance contract, and such a contract
is not available currently in France for phytosanitary risks
in forest. Second, some measures allowing reducing the
probability of occurrence of Hylobius abietis and Heteroba-
sidion annosum and their associated damage exist. Indeed,
for Hylobius abietis, we deal with two cause-oriented han-
dling measures: a fallow that reduces the probability of risk
occurrence (risk prevention) and a chemical treatment aim-
ing at reducing the damage in case of risk occurrence (risk
avoidance). For Heterobasidion annosum, we consider four
cause-oriented handling measures characterized as risk pre-
vention: chemical treatment, fallow, total and local stump
removal.

Note that we focus on risk handling measures specific
to the risks analyzed, Hylobius abietis and Heterobasidion
annosum. In particular, the reduction of rotation length is
not considered since it also prevents other natural events like
storm and fire. The associated costs and benefits imputable
to phytosanitary risks are therefore difficult to assess.

2.2 Economic criteria

It is assumed that the forest owner maximizes the for-
est’s Land Expectation Value (LEV), i.e., Faustmann criteria
(Faustmann 1849). For that purpose, we first calculate the
Net Present Value (NPV) of costs and benefits for one
rotation. The NPV is the present value of positive pay-
ments minus the present value of negative payments made
at different points in time (Klemperer 1996):

NPV =
n∑

i=0

Bi − Ci

(1 + r)i
(1)

where B is the benefit, C is the cost, r is the discount rate, i
is the time period in years, and n is the rotation length.

We then compute the LEV, defined as the sum of all
NPVs:

LEV =
n∑

i=0

Bi − Ci

(1 + r)i
× (1 + r)n

(1 + r)n − 1

= NPV × (1 + r)n

(1 + r)n − 1
(2)

To compute the LEV, we assume that all rotations are
identical, i.e., same time horizon, same sequence of events
within each rotation, and same net revenue associated with
each event within each rotation. In addition, we assume that
the prices and the forest productivity are constant over time.
Using the LEV makes it possible to compare silvicultural
scenarios with different rotation lengths, as it will be the
case, for example, when we will introduce the fallow as a
potential risk handling measure.

2.3 Case study

The Forestry Company of the French Deposits and Consign-
ments Fund (Societé Forestière de la Caisse des Dépôts et
Consignations) defined a silvicultural standard for a mono-
culture of maritime pine in the Landes de Gascogne Forest.
This standard includes both costs and benefits associated
with this management practice, as indicated in Table 1. We
agreed on 3.5 % interest rate.

This standard consists of a plantation of 1000 trees/ha,
a clearing at year 2 of the plantation, two thinnings (year
12 and 22) and a final harvest at year 35. We also consider
management costs (machine maintenance, for example) for
C39/ha/year, except for year 0. Although these costs do
not appear in Table 1, they are taken into consideration for
the calculation of the NPV. For this standard, the density
is equal to 500 trees/ha after the first thinning (year 12)
and 321 trees/ha after the second thinning (year 22). In our

Table 1 Net benefits of a monoculture of maritime pine, the standard

Year Operations Net benefit Density

(C/ha) (trees/ha)

0 Plantation −900 1000

2 Clearing −70 1000

12 Thinning 111 500

22 Thinning 684 321

35 Harvest 7228 0

NPVS = 816.86

The NPV is computed taking the additional management cost of
C39/ha/year into account
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model, we assumed that the forest owner would want to
keep these densities constant.

The NPV is equal to C816.86/ha (NPVS in Table 1), and
the LEV is expressed as:

LEVS = NPVS × (1 + 0.035)35

(1 + 0.035)35 − 1
= C1166.91/ha (3)

In the rest of the paper, we first compare this LEV with
those obtained when the risks are introduced, and we then
compare the LEV with and without risk handling measures
(either risk avoidance or risk prevention) when risks are con-
sidered. This helps us to determine the most economically
relevant strategy. We separately analyze Hylobius abietis
and Heterobasidion annosum.

3 Results

3.1 Hylobius abietis

Hylobius abietis is a little weevil that is spreading in France
and causing major damage to young plantations. It develops
under the bark of the host tree. A tree attacked by Hylobius
abietis is necessarily lost. When plantation takes place the
year after the final harvest, which is the common practice,
the probability of invasion is certain, so we therefore assume
a probability of invasion equal to 1. The associated damage
is uncertain, ranging between 50 and 80 % for a stand with
no risk handling measure. We consider that the damaged
trees are not replaced. Therefore, the final stand will only be
composed of non-damaged trees.

Two cause-oriented risk handling measures are available
for Hylobius abietis. One possible risk prevention action
consists in leaving the soil fallow for 2 years after the final
harvest. In fact, when the site can be left unplanted for a suf-
ficiently long period, the Hylobius abietis population and,
therefore, the damage levels decline naturally. More pre-
cisely, the highest risk occurs over a period between 10 and

21 months after final harvest (Heritage and Moore 2000).
After 2 years, however, the probability of attack on the stand
is halved (0.5 compared to 1 without risk handling measure)
and the mortality rate reduces to a level of 10 % (compared
to 50–80 % without risk handling measure).

The second cause-oriented risk handling measure is a
chemical treatment (risk avoidance). It consists in soak-
ing the seedlings during the nursery stage in a solution
containing cypermethrin (this strategy is referred to as
FORESTER®). An attack on a treated seedling leads to
the death of the weevil, but the infested tree dies as well.
This measure reduces the amount of the damage (25–30 %
compared to the previous 50–80 % without risk handling
measure) and has no impact on the probability of attack
(which is still equal to 1).

3.1.1 Without risk handling measure

To deal with the uncertainty associated to the damage
caused by Hylobius abietis, we assume three different val-
ues: 50, 65, and 80 %. We also assume that the damage
occurs before the second operation on the stand, i.e., before
year 2, as indicated in Table 2.

Table 2 reveals that between year 0 and year 2, the higher
the percentage of damage is, the higher the rate of mortality
and the lower the tree density will be. For a mortality rate of
50 % (resp. 65 and 80 %), the tree density decreases from
1000 to 500 (resp. 350 and 200). However, the objective
of our forest owner is to conserve the density values of the
standard, i.e., 500 trees/ha after the first thinning and 321
after the second one. This density is respected with a 50 %
tree mortality rate, partially respected with a 65 % mortality
rate (after the second thinning) and not respected at all with
a 80 % tree mortality rate.

Using Eq. 3, we then compute the LEV for each mor-
tality rate, 50, 65, and 80 %, respectively: LEVHY50 =
C995.98/ha, LEVHY65 = C72.77/ha, LEVHY80 = C-
687.89/ha. As expected, the higher the potential damage is,

Table 2 Net benefits of a monoculture of maritime pine function of the damage due to Hylobius abietis and without risk handling measure

Damage of 50 % Damage of 65 % Damage of 80 %

Year Net benefit Density Net benefit Density Net benefit Density

(C/ha) (trees/ha) (C/ha) (trees/ha) (C/ha) (trees/ha)

0 −900 1000 −900 1000 − 900 1000

2 −70 500 −70 350 − 70 200

12 −70 500 −70 350 −70 200

22 684 321 52 321 −70 200

35 7228 0 7228 0 4506 0

NPVHY50 = C697.21/ha NPVHY65 = C400.95/ha NPVHY80 = C-481.54/ha

The NPV is computed taking the additional management cost of C39/ha/year into account
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the lower the LEV will be. However, it appears that the
LEV does not decrease proportionally with the increase in
the damage. As the damage increases from 50 to 65 %, the
LEV decreases by approximately 42 %, whereas if damage
increases from 65 to 80 %, the LEV decreases by approx-
imately 220 %. Indeed, for damage between 50 and 65 %,
the model assumes that the loss due to the weevil is com-
pensated for by lower thinning intensities (years 12 and 22),
without modifying the density after thinning operations.
Since some of the thinned trees are damaged, their unit price
is lower, which results in a decrease in the LEV. For damage
between 65 and 80 %, the damage due to the weevil has a
high direct effect on the density. Consequently, the number
of trees standing just before final harvest is lower compared
to the standard. The decrease in the LEVs results both from
the reduction in density and from the decrease in unit prices
due to damage to trees, explaining the higher reduction of
the LEV compared to the two previous situations (damage
of 50 and 65 %).

Moreover, the LEV for potential damage of 80 % is neg-
ative, showing that keeping the trees standing is not an
economically consistent option in this case. We compute
here that the LEV is equal to zero for a percentage of loss of
approximately 72 %.

3.1.2 Chemical treatment: FORESTER®

In this scenario, the seedlings are treated. The treatment
costs C0.03 per seedling, which results in a total plantation
cost of C0.17 (compared to C0.14 without risk handling
measure). The treatment then costs C30/ha. Note that this
treatment makes it possible to reduce the damage from 50–
80 % to 25–30 %, as considered in the right hand side of
Table 3.

Note that a reduction of the damage to 25 % results in a
density of 750 trees/ha at year 2, while a reduction to 30 %
corresponds to a density of 700 trees/ha at year 2. The den-
sities of the standard are respected after the first and the
second thinnings, but since the pre-thinning density is lower,
the net benefit at year 12 is lower compared to the standard
(C20/ha when the damage is 25 % and C2/ha when it is
30 %, respectively, to be compared to the C111/ha of the
standard).

Using Eq. 3, we compute the LEV of this scenario for
the two percentages of loss, 25 and 30 %, respectively:
LEVHYCT 25 = C1038.59/ha, LEVHYCT 30 = C1021.49/ha.
The difference between the two LEVs is very small, approx-
imately 1 %, whereas the damage increases by 5 %.

3.1.3 Fallow strategy

We assume that a 2-year fallow period occurs just before
the beginning of the rotation to maximize the impact of fal-
low on the discounted final benefit. With this fallow, the
site will be unplanted for a sufficiently long period to allow
the Hylobius abietis population and hence damage levels to
decline naturally (Heritage andMoore 2000). Consequently,
the rotation goes from year 2 to 37 (compared to year 0 to
35 in the standard). The fallow period makes it possible to
decrease the probability of attack from 1 to 0.5. Moreover,
the mortality rate decreases from 50–80 % to 10 %. If the
weevil attacks in the fallow scenario, the damage is equiva-
lent to 10 % (resulting in a density of 900 trees/ha at year 4).
If the weevil does not attack, all operations are simply post-
poned by 2 years compared to the standard. The left hand
side of Table 3 presents these two cases.

Using Eq. 3, we compute the LEV with fallow, both in
the case of an attack (damage of 10 %) and in the case

Table 3 Net benefits of a monoculture of maritime pine function of the damage due toHylobius abietis under a 2-year fallow period and chemical
treatment

2-year fallow period Chemical treatment

Damage of 10 % No damage Damage of 25 % Damage of 30 %

Year Net benefit Density Net benefit Density Year Net benefit Density Net benefit Density

(C/ha) (trees/ha) (C/ha) (trees/ha) (C/ha) (trees/ha) (C/ha) (trees/ha)

2 −900 1000 −900 1000 0 −930 1000 −930 1000

4 −70 900 −70 1000 2 −70 750 −70 700

14 75 500 111 500 12 20 500 2 500

24 684 321 684 321 22 684 321 684 321

37 7228 0 7228 0 35 7228 0 7228 0

NPVHYf allow10 NPVHYf allow0 NPVHYCT 25 NPVHYCT 30

= C663.53/ha = C685.87/ha = C727.03/ha = C715.07/ha

The NPV is computed taking the additional management cost of C39/ha/year into account
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of no attack (no damage): LEVHYf allow10 = C963.82/ha,
LEVHYf allow0 = C979.78/ha. The difference between these
two LEVs is small (1.5 %). This is because trees damaged
by the weevil are young and therefore have a low commer-
cial value. Indeed, the net benefit of the first thinning is
C75/ha in the case of an attack, compared to C111/ha in the
case of no attack.

To conclude, the comparison of the LEVs of the dif-
ferent scenarios for Hylobius abietis: standard (LEVS),
without risk handling (LEVHY50 , LEVHY65 , LEVHY80 ), with
chemical treatment (LEVHYCT 25 , LEVHYCT 30 ), with fal-
low (LEVHYf allow10 , LEVHYf allow0 ), clearly shows that the
best economic option for the forest owner is to adopt
the FORESTER®. This treatment minimizes the economic
losses compared to the standard. The second best option
seems to be the absence of risk handling measure when
the damage is 50 %. In such a case, the LEV is equal to
C995.98/ha, i.e., an economic loss of C170.93/ha. The third
option available is fallow, with damage of 0 and 10 %.
Finally, the worst option appeared to be the absence of risk
handling measure with damage of 65 and 80 %. Notice that
with a damage of 80 %, the LEV is negative and keeping
the forest standing is no longer economically feasible. To
conclude, the two cause-oriented measures, risk avoidance
and risk prevention strategies, appear to be economically
preferable to the absence of risk handling measure.

3.2 Heterobasidion annosum

Heterobasidion annosum is a fungus that affects conifer-
ous trees and that is able to generate disseminated mortality
in pine stands. This increase is explained by its mode of
dissemination and propagation. Spores conducted by the
fruiting bodies of the fungus are emitted into the air and
can be carried by wind over very long distances and may
infect stumps for 1 month after harvest. These spores can
germinate on fresh wood, on the roots or base of the trunk,

and at the level of injury or cutting lines following the
harvesting of trees. The fungal strain then develops and is
gradually overgrown by mycelium, and is then able to infect
nearby trees, even healthy ones, by root contact, in the stand,
causing mortalities. Heterobasidion annosum lacks shape
retention to keep it directly in the soil of a formerly con-
taminated parcel, whereas it may survive in the timber if
it is not completely degraded, i.e., long after the death of
the tree.

We distinguish different types of cause-oriented mea-
sures for Heterobasidion annosum that are all risk preven-
tion strategies. The first one consists of a chemical treatment
on healthy plots, whose objective is to keep the probability
of attack equal to zero. This treatment (Polybor® and Rot-
stop®) is 100 % effective (Soutrenon et al. 2000) when used
before any contamination. It must be applied just after har-
vesting on recently harvested stumps. Another strategy is a
5-year fallow period at the end of the rotation. Finally, other
strategies such as local and total stump removal depend on
the year of the contamination. Their objective is to stop or
slow down dissemination. We assume that (1) contamina-
tion may occur during clearing (year 2), the first thinning
(year 12) or the second thinning (year 22), (2) when con-
tamination occurs, there are 12 contamination centers per
hectare and the speed of contamination from the heart of the
contamination center is equal to 0.3m/year (Chantre et al.
2008).

Chemical treatment (Polybor® and Rotstop®) and fallow
are 100 % effective, so that the LEV associated with these
strategies should be compared to the standard.

3.2.1 Without risk handling measure

For local and total stump removal, contamination may occur
at year 2, 12, or 22. Then, depending on the period of
contamination, the net benefits differ from each other, as
indicated in Table 4. Note that the density remains the same

Table 4 Net benefits of a monoculture of maritime pine function of the year of contamination by Heterobasidion annosum and without risk
handling measure

Contamination year 2 Contamination year 12 Contamination year 22

Year Net benefit Density Net benefit Density Net benefit Density

(C/ha) (trees/ha) (C/ha) (trees/ha) (C/ha) (trees/ha)

0 −900 1000 −900 1000 − 900 1000

2 −70 1000 −70 1000 − 70 1000

12 26 500 33 500 33 500

22 503 321 580 321 606 321

35 4453 0 5840 0 6731 0

NPVHE2 = C-44.07/ha NPVHE12 = C411.94/ha NPVHE22 = C691.33/ha

The NPV is computed taking the additional management cost of C39/ha/year into account
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regardless of the scenario. However, the commercial value
of contaminated trees is 0.

Using Eq. 3, we compute the LEV function of the
period of contamination, year 2, 12, or 22, as fol-
lows: LEVHE2 = C-62.95/ha, LEVHE12 = C588.46/ha,
LEVHE22 = C987.58/ha. As expected, the earlier the con-
tamination is, the lower the LEV will be since more trees
are contaminated as the fungus spreads over time at a speed
of 0.3m/year. The LEV may even be negative if contamina-
tion occurs at the very beginning of the rotation, making the
conservation of the stand economically irrelevant.

3.2.2 Chemical treatment: Polybor® and Rotstop®

We assume that chemical treatment on healthy plots costs
C1/m3 of wood removed from the forest. With this treat-
ment, the probability of attack is zero and so is the damage.
The values in Table 1 are modified to include the cost of
the treatment, and the associated NPV is NPVHECT

=
C594.14/ha.

We compute the LEV associated with this treatment fol-
lowing Eq. 3: LEVHECT

= C848.74/ha. The treatment
reduces the LEV by 27 % compared to the standard but
guarantees the absence of contamination. Compared to pre-
vious LEVs without risk handling measure, it appears that
chemical treatment is always economically relevant except
when contamination occurs late in the stand (during the last
thinning).

3.2.3 Fallow strategy

Heterobasidion annosum is unable to remain in the soil
in the absence of wood, and the root system of the mar-
itime pine rapidly degrades. After a clear-cutting of the
stand affected byHeterobasidion annosum, the forest owner
just has to wait for a sufficient degradation of the stumps

to block contamination of the next stand. The degradation
speed depends on the climate conditions and the pH of the
soil and ranges from a few years to a decade. Consistent
with Greig (1984), we assume that a 5-year fallow period
prevents the development of the fungus. We assume here
that, previous to the new rotation, the stand was contam-
inated. Consequently, the rotation goes from year 5 to 40
(compared to year 0 to 35 in the standard). The values in
Table 1 are modified to include the higher rotation length,
and the corresponding NPV is NPVHEf allow

= C687.77/ha.
The LEV for the fallow strategy is then computed using
Eq. 3 and is equal to LEVHEf allow

= C987.58/ha. First, the
comparison between the fallow and the standard shows that
a fallow period leads to an economic loss of C179.33/ha,
i.e., the difference between the two LEVs, C1166.91/ha and
C987.58/ha. Second, we can observe that a fallow period is
always preferable to chemical treatment with Polybor® and
Rotstop®.

3.2.4 Local and total stump removal

Total stump removal makes it possible to clean the plot
by removing the roots where the fungus can remain and
eventually contaminate the stand of the next generation if
the old and new root stand are in contact. Heterobasid-
ion annosum spreads in the stand via the roots and creates
stains around the contamination points. Therefore, local
stump removal on an area of at least each fungus propa-
gation stain may also isolate the problem. We assume that
the total stump removal costs C690/ha. In the case where
stumps are locally removed, only stumps in the contam-
inated area are removed. The contaminated area depends
on the age of contamination: the earlier the contamination
occurs, the bigger the contamination area will be. Tables 5
and 6 present the NPV for these strategies according to the
date of contamination.

Table 5 Net benefits of a monoculture of maritime pine function of the year of contamination by Heterobasidion annosum under local stump
removal

Contamination year 2 Contamination year 12 Contamination year 22

Year Net benefit Density Net benefit Density Net benefit Density

(C/ha) (trees/ha) (C/ha) (trees/ha) (C/ha) (trees/ha)

0 −900 1000 −900 1000 −900 1000

2 −70 750 −70 700 −70 700

12 75 500 111 500 111 500

22 653 321 624 321 684 321

35 6928 0 6928 0 6697 0

NPVHELSR2 = C688.81/ha NPVHELSR12 = C699.18/ha NPVHELSR22 = C657.51/ha

The NPV is computed taking the additional management cost of C39/ha/year into account
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Table 6 Net benefits of a monoculture of maritime pine function of the year of contamination by Heterobasidion annosum under total stump
removal

Contamination year 2 Contamination year 12 Contamination year 22

Year Net benefit Density Net benefit Density Net benefit Density

(C/ha) (trees/ha) (C/ha) (trees/ha) (C/ha) (trees/ha)

0 −900 1000 −900 1000 −900 1000

2 −70 750 −70 700 −70 700

12 105 500 108 500 111 500

22 581 321 658 321 684 321

35 3841 0 5228 0 6119 0

NPVHET SR2 = C-251.05/ha NPVHET SR12 = C204.95/ha NPVHET SR22 = C484.35/ha

The NPV is computed taking the additional management cost of C39/ha/year into account

On the basis of these NPVs, we compute the LEVs
for each strategy function of the year of contamination,
using Eq. 3. For local stump removal, the LEVs are
LEVHELSR2 = C983.98/ha, LEVHELSR12 = C998.80/ha,
LEVHELSR22 = C939.27/ha. For total stump removal, the
LEVs are LEVHET SR2 = C-358.63/ha, LEVHET SR12 =
C292.78/ha, LEVHET SR22 = C691.90/ha.

To conclude, the comparison of the LEV of the
different scenarios for Heterobasidion annosum: stan-
dard (LEVS), without risk handling (LEVHE2 , LEVHE12 ,
LEVHE22 ), with chemical treatment (LEVHECT

), with a fal-
low (LEVHEf allow

), with local stump removal (LEVHELSR2 ,
LEVHELSR12 , LEVHELSR22 ), and total stump removal
(LEVHET SR2 , LEVHET SR12 , LEVHET SR22 ) leads to several
comments. First, regardless of the date of contamination,
comparing chemical treatment with Polybor® and Rot-
stop® to stump removal leads to the following conclusion:
local stump removal is always preferable to chemical treat-
ment, whereas chemical treatment is always preferable to
total stump removal. Second, we can observe that, regard-
less of the date of contamination, fallow is always preferable
to total stump removal, whereas local stump removal is
preferable to fallow for a contamination at year 12. In addi-
tion, our results suggest that when contamination occurs
at year 22, the absence of risk handling measure may be
preferable both to local and total stump removal. Finally,
comparing these two stump removal strategies together
reveals that local stump removal seems to be more effective
than total stump removal.

4 Discussion

We first discuss limitations and future extensions of our
approach, and then, we relate our results to adaptation to
climate change and multi-hazards perspective.

4.1 Limitations and extensions

First, we assume in Section 3.2 that trees contaminated with
Heterobasidion annosum do not have any commercial value.
However, asHeterobasidion annosum starts from the stump,
there might be uninfected parts in the upper half of the stem.
These uninfected parts may have a commercial value and
may be used, for example, as fuelwood. A way to consider
these uninfected parts of the tree would be to include their
commercial value in the model. In this view, we tested a
scenario in which commercial value of contaminated tree
is valued at half of the healthy tree value. Using Eq. 3,
we calculated the LEV of this scenario without risk han-
dling measure and function of the year of contamination:
LEVHEf uel2 = C551.97/ha, LEVHEf uel12 = C877.7/ha,
LEVHEf uel22 = C1077.24/ha. In this case, the absence of
risk handling measure may be preferable to any solution if
contamination occurs at year 22. If contamination occurs at
year 12, only fallow and local stump removal better perform,
while only total stump removal is less preferable if contami-
nation occurs at year 2. These results call for further analysis
which would explicitly take the final uses of wood in pro-
cess industries into account in order to compute a range of
benefits depending on the quality of wood products.

Second, we consider in our model that the landowner’s
objective is to maximize the Land Expectation Value. By
doing that, the owner behaves as a risk neutral profit-
maximizer. However, the literature shows that risk aversion
may play a significant role in the forest owner’s man-
agement decision (Yousefpour et al. 2012; Brunette et al.
2014). For example, Alavrez and Koskela (2006) show
that risk aversion decreases the optimal harvesting age,
and Uusivuori (2002) predicts that if the owner’s risk
aversion decreases as wealth increases, then the standing
timber stock will increase in the future, and the intensity
of timber harvests will decline. Consequently, a promising
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way of extension of our model may be to consider a risk
averse forest owner. For that purpose, several approaches
are proposed in the literature, among them expected-utility
framework, option pricing models, and robust optimiza-
tion (see Hildebrandt and Knoke 2011 for a more detailed
presentation).

Third, forest ecosystem services such as carbon seques-
tration or its role as a biodiversity sanctuary are also
impacted by phytosanitary problems. This should be consid-
ered in a comprehensive analysis of the economic impacts
of phytosanitary risks over forest stands.

4.2 Adaptation to climate change

In plantation forests, several adaptation strategies exist.
They generally involve the change of species and/or clones
more adapted to new conditions, the preference for mixed-
species stands, additional management operations (such as
fallow or stump removal), or conventional chemical treat-
ments. Compared to other strategies, these conventional
treatments appear to be rather conservative since they do not
imply any changes in forest management choices. Two of
the cause-oriented risk handling measures considered in our
paper belong to this category: the FORESTER® for Hylo-
bius abietis and Polybor® and Rotstop® forHeterobasidion
annosum. Although cypermethrin solution performs better
than other strategies to handle the risk of Hylobius abietis,
one may question the long-term implications of this strategy
in a context of climate change. In fact, this option makes it
possible to conserve production activity on the short-term
while maintaining (or even increasing) exposure and vul-
nerability of maritime pine monoculture on the long-term.
In line with Noble et al. (2014), this strategy can therefore
be considered as a maladaptation since it results in short-
term economic gains but leads to greater vulnerability on
the medium- to long-term.

Conversely, it has been shown that spreading risk by
promoting mixed-species stands whose resilience to forest
phytosanitary issues is greater than monocultures, combined
with natural regeneration (Kramer et al. 2010), is a relevant
adaptation strategy for temperate forests (Hemery 2008;
Bolte et al. 2010). Species and origins must be chosen func-
tion of future potential climatic conditions, which are likely
to shift from several km to several tens of km per decade,
probably faster than natural migration.

Other strategies studied in our paper (stump removal and
fallow) remain in-between, allowing for more flexibility
in management practices but nevertheless maintaining the
monospecies type of management.

In conclusion, we strongly believe that there is an
increasing need for more resilience-based adaptation strate-
gies within plantation forests. The impacts of the introduc-
tion of mixed-species stands or genetically-selected clones

could be questionned, and it would be necessary to take
the modification of harvest methods, machines, and pro-
cesses into account, as well as the potential requirements in
research and development.

4.3 Multi-hazards perspective

In this paper, we focus on Hylobius abietis and Heteroba-
sidion annosum separately, without considering potential
dependence between them or with other natural events.
However, in practice, several risks may be dependent or
the occurrence of a phytosanitary problem may be the
consequence of the occurrence of another natural event.

In the literature, some papers deal with the interactions
between several risks. For example, Parker et al. (2006) ana-
lyze the interactions among fire, insects, and pathogens in
coniferous forests in the USA and Canada. Focusing on the
forest insurance against natural events, Brunette et al. (2015)
deepen the analysis of the link between several randomly
occurring natural hazards (storm, insects, and fire). They
consider that the natural hazards are either mutually depen-
dent or mutually independent. They conclude that the results
change with the considered assumption.

In France, Desprez-Loustau et al. (2006) focus on the link
between drought risk and pathogen invasion. In addition,
Lung-Escarmant and Maugard (2004) found that Heteroba-
sidion annosum was detected mainly on wind-fallen stumps
in more than 95 % of the analyzed stands and concluded
that Heterobasidion annosum is truly a risk that must be
taken into account for the management and the restoration
of wind-damaged stands in the Landes de Gascogne Forest.

Such an interaction between Heterobasidion annosum
and storms would benefit from considering other risk han-
dling strategies. In this paper, we focus on strategies that
directly and exclusively affect the risks that we focus
on, Heterobasidion annosum and Hylobius abietis. In the
case of the Landes de Gascogne Forest, recommendations
concerning phytosanitary problems are numerous and we
analyze only some of them: fallow, species diversification,
reduction of rotation length (Piou and Jactel 2010; Vert et al.
2013). These strategies of diversification and reduction of
rotation length act not only on the risks analyzed in this
paper but also on other risks such as storm, for example, so
that the associated costs and benefits of these strategies are
more difficult to isolate. A multi-hazards perspective would
make it possible to consider these relevant strategies.

5 Conclusion

This paper aims to compare different cause-oriented han-
dling measures for Hylobius abietis and Heterobasidion
annosum through standard forest economics methodology,
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i.e., a comparison of the LEV of each strategy. This
approach makes it possible to display the most costly sce-
nario without risk, with risk and without risk handling
measure, and with risk and with risk handling measure
(risk prevention and risk avoidance). Our results indicate
that for Hylobius abietis, the measures analyzed, a fallow
strategy and a chemical treatment, are always preferable to
the scenario without risk handling. In this case, risk han-
dling measures appear to be economically relevant. More
precisely, the loss is the lowest (compared to the standard
without risk) with the FORESTER® and a mortality rate of
25 % (loss = C128.32/ha), and the highest without risk han-
dling and a mortality rate of 80 % (loss = C1854.8/ha). In
addition, we showed that one important driver of economic
loss is the impact of the phytosanitary risk on the final stand
density. Indeed, we showed that Hylobius abietis does not
only decrease economic gains by reducing the economic
value of contaminated trees but also by reducing the overall
density, which results in a non-proportional LEV decrease
over time.

For Heterobasidion annosum, the results depend on the
year of contamination. If the contamination occurs at year
2, then the best option seems to be the fallow compared
to the standard without risk (loss = C179.33/ha). The fol-
lowing more effective options are local stump removal,
Polybor® and Rotstop®, no risk handling and total stump
removal, respectively, with the last two associated with neg-
ative LEVs. If the contamination occurs at year 12, then the
most economically relevant scenario is the one with a local
stump removal (loss = C168.11/ha). The following prefer-
able options are, respectively, fallow, Polybor® and Rot-
stop®, no risk handling, and total stump removal. Finally, if
the year of contamination is 22, then the absence of risk han-
dling measure is preferable from an economic point of view
(loss = C179.33/ha). The following more effective options
are, respectively, fallow, local stump removal, Polybor® and
Rotstop®, and total stump removal.

Nevertheless, our paper shows that the absence of risk
handling measure may sometimes be the best option in
economic terms. More broadly, it should be noted that we
proposed here a generic method that could be improved
taking into account potential long-term impacts of risk han-
dling measures. In particular one may assume that options
increasing the resilience of the forest system and decreas-
ing its vulnerability over the long term should be preferred.
To test this assumption, one solution would be to couple
our cost-benefit approach with a multi-impact Modelling
framework describing the forest system on the long term
and its environmental and economic relationships with other
sectors.
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Desprez-Loustau ML, Marçais B, Nageleisen LM, Piou D, Vannini A
(2006) Interactive effects of drought and pathogens in forest trees.
Ann For Sci 63:597–612

Desprez-Loustau ML, Robin C, Reynaud G, Déqué M, Badeau V, Piou
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