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results show that greater weights in the optimal portfolios correspond to higher probabilities 
of presence.  
 
Key words: Forest Management, Portfolio Management, Mixed-Species Forests, Climate 
Change. 

 

 

                                                           
1 UMR INRA – Agro ParisTech, Laboratoire d’Économie Forestière, 54042 Nancy Cedex, France. 
Corresponding author : marielle.brunette@nancy.inra.fr 
2 Chaire Forêts pour Demain [Agro ParisTech–Office National des Forêts], 54042 Nancy Cedex, France 
3 UMR INRA – Agro ParisTech, Laboratoire d’Économie Forestière, 54042 Nancy Cedex, France. 
4 UMR INRA – Agro ParisTech, Laboratoire d’Économie Forestière, 54042 Nancy Cedex, France. 
5 UMR INRA – Université de Lorraine Écologie et Écophysiologie Forestières, 54280 Champenoux, France 
6 UMR INRA – Université de Lorraine Écologie et Écophysiologie Forestières, 54280 Champenoux, France 



1 Introduction

In France, half of the forest areas are diversified in tree species, a proportion which remains valid
in volume (Morneau et al., 2008). And yet, on a global scale, the industrial mixed-wood species
plantations represent less than 0.1% of the forest cover. Industry and investors do not see great
advantages in the mixture of species (Nichols et al., 2006; Knoke et al., 2008). Likewise, private
forest owners and some forest economists consider that mixed forests are less profitable (Knoke
et al., 2008). The additional costs incurring during the mixed-wood forest management (Nichols
et al., 2006), the high resilience of monoculture (Powers, 1999) or the fact that monoculture
does not show evidence of productivity decline (Powers, 1999 ; Evans, 2005), could explain such
statement of facts.

Nevertheless, the literature also shows that benefits from mixed forests compared to monocul-
tures are multiple: mixed forests enhance tree productivity (Morin et al., 2011), forest stability
against natural hazards (Mayer at al., 2005; Schütz et al., 2006; Griess and Knoke, 2011), dis-
eases and insect attacks (Bosu et al., 2006; Nichols et al., 2006); their biodiversity is richer
(Vettenranta, 1996; Franklin et al., 1999; Halpern et al., 1999); they are also more aesthetically
pleasing (Spiecker, 2000); they provide diversity in social demand (Clasen et al., 2011); and, un-
der the risk of climate change, mixed-species stand structures enhance flexibility and adaptation
(Jacobsen and Thorsen, 2003; Roman-Amat, 2007; Schou et al., 2012). Moreover, it has been
shown that mixed forests can lead to higher financial returns (Kelty, 1992; Knoke et al., 2005).

The economic literature discussing the mixed-species forests has mainly focused on the im-
pacts of management actions on the tree diversity (Buongiorno et al., 1995; Lu and Buongiorno,
1993) or the optimal composition of a forest in terms of species (Knoke et al., 2008; Roessiger
et al., 2011; Neuner et al., 2013). This last issue was addressed through the theory of port-
folio selection, where the tree species corresponded to financial assets. For instance, Thomson
(1991) obtained the financial optimum from a mixture of tree species and Roessiger et al. (2011)
highlighted the economic merits of mixed stand forests. They found that what they call the
near-natural forestry is the best option for a forest owner of a small or medium property.

Knoke et al. (2008) conclude that mixed forests are more valuable to forest owners than
monocultures. They prove it from the combinations of Norway spruce (Picea abies) and Com-
mon beech (Fagus sylvatica). Although Norway spruce shows dramatic fluctuations in returns,
implying that the species is particularly exposed to risk, the authors observe that it yields the
best financial return. They find that the blend which maximizes their equation is about 50%
Norway spruce, 50% Common beech. Mixing a high-risk species with the low-risk common beech
could therefore balance both risk and financial returns. The first study on mixing a large variety
of tree species was led by Neuner et al. (2013). The latter focused on financial aspects by looking
at the expected Net Present Value (NPV) of a forest owned by a private company in Bavaria,
Germany. Using the portfolio selection, they determined the optimal percentage of each tree
species in the forest stand. Species such as Norway spruce or Douglas-fir (Pseudotsuga men-
ziesii) turned out to be sources of income, while others – including broad-leaved trees – mainly
served to mitigate risks.

In order to predict yields and revenues, most of the studies aforementioned are based on
Monte Carlo simulations. We propose a different approach, in that we simulate the portfolio
selection from the French National Forest Inventory (IFN) historical data on the tree species’
productivities. Thereby, instead of using the portfolio theory to calculate the income-risk optima,
we determine the combinations of tree species that allow for an effective timber productivity-risk
tradeoff. We define risk to be the tree species vulnerability, that is, the amplitude of variation
around the productivity (Tilman et al., 1997). Not only the idea is to move away from the original
application, but also to apply the methodology in a different context. Besides, the application
is not disconnected from the forest management. As a matter of fact, what we study is the
tolerance toward uncertainty, which can cover a broad spectrum of indicators, including those in
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silviculture. In addition, we value the climate change impacts on the optimal compositions with
a view to observe the survivability of the optima we obtain.

On the one hand, we recall the theoretical portfolio selection model that minimizes the
portfolio risk. On the other hand, we develop a simulator computing these portfolios for each
administrative department in France. We thus build a simulator that allows to determine and
map the optimal forest compositions per department. Despite the obvious focus on the optimal
compositions, we also compute the survival probabilities of the simulated portfolios using the
species’ probabilities of presence by years 2050 and 2100. Our study revolves around seven tree
species: Pedunculate oak (Quercus robur), Downy oak (Quercus pubescens), Sessile oak (Quercus
petraea), Holm oak (Quercus ilex), Common beech (Fagus sylvatica), Scots pine (Pinus sylvestris)
and European larch (Larix decidua).

The paper is structured as follows. In Section 2, we develop the theoretical model of portfolio
selection and efficient frontier. In Section 3, we describe the materials and the methods used to
test the model. Section 4 presents the results while Section 5 discusses them and concludes.

2 Theoretical model

2.1 Model of portfolio selection (Markowitz, 1952, 1959)

The forest owner has to invest in a set of tree species for its future harvest of standing timber.
She features a set of tree species a = 1, ..., N . Holding the a tree asset yields the return of ra.
The return is subject to stochastic chocs due, for example, to climate change, making it random.
The forest owner thus estimates the expected return and the covariance matrix σ, where σab is
the covariance of returns of tree species a and b. Indeed, if she considers the set of risky assets,
she computes the covariance matrix of their returns.

The matrix is defined as of full rank and hence invertible.

∀a, b ∈ {1, ..., N} : σab = σ (ra, rb) (1)

By diversifying the tree species in her plot, the forest owner varies the portfolio return. She
determines the efficient portfolios defined by their expected return and covariance matrix.

The variance of the diversified portfolio is

σ2
p =

N
∑

a=1

N
∑

b=1

xaxbσab (2)

where x represents the weight of the species in the portfolio.
The forest owner seeks to minimize the variance of the portfolio, that is

min
xa

1

2

N
∑

a=1

N
∑

b=1

xaxbσab (3)

subject to the objective return constraint

N
∑

a=1

xara ≥ r̄ (4)

and the budget constraint

N
∑

a=1

xa = 1 (5)
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To solve the forest owner’s minimization program, we form the Lagrangian

L =
1

2

N
∑

a=1

N
∑

b=1

xaxbσab + λ

(

r̄ −
N
∑

a=1

xara

)

+ µ

(

1−
N
∑

a=1

xa

)

(6)

The first-order condition is

λra −
N
∑

b=1

xbσab = −µ (7)

Given that

N
∑

b=1

xbσab = cov (ra, rp) (8)

We fall on

λra − cov (ra, rp) = −µ (9)

λ is the forest owner’s return value relatively to the risk minimization; µ is the marginal cost
of investing or the opportunity cost of investment; cov (ra, rp) is the marginal risk, generated by
the investment in a unit of species a, on the portfolio risk. We have

∂σ2
p

∂xa
= 2

N
∑

b=1

xbσab = 2cov (ra, rp) (10)

The marginal investment in species a will increase the portfolio risk only if its return is
positively correlated to that of the portfolio.

2.2 Efficient frontier

From first-order condition (??), we know that

N
∑

b=1

xbσab = λra + µ (11)

We can write the vector product of the covariance matrix row a and of vector x.

N
∑

b=1

xbσab = (σa· · x) (12)

And thus

(σ · x) = (λ · r) + (µ · 1) (13)

where 1 is the column vector with all components equal to 1. Since σ is of full rank, it is
invertible and thus

x = σ
−1 (λ · r+ µ · 1) =

(

λ · σ−1 · r
)

+
(

µ · σ−1 · 1
)

(14)

where σ
−1 · r and σ

−1 · 1 depend on the covariance and the return of species. The optimal
portfolio of mixed-species is thus a linear combination of those two vectors. The parameters
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of this linear combination, λ and µ, are two endogenous variables of the variance minimization
program.

The budget constraint becomes

(

1
T · x

)

= 1 (15)

which yields

(

λ · 1T · σ−1 · r
)

+
(

µ · 1T · σ−1 · 1
)

= 1 (16)

In parallel, the return constraint becomes

(

r
T · x

)

= r∗ (17)

And thus

(

λ · rT · σ−1 · r
)

+
(

µ · rT · σ−1 · 1
)

= r∗ (18)

We can now compute the values of the parameters of the linear combination previously
defined. The constraints yield







λ =
[(

r
T · σ−1 · 1

)

−
(

1
T · σ−1 · 1

)

r∗
]

[

(

r
T · σ−1 · 1

)2
−
(

r
T · σ−1 · r

) (

1
T · σ−1 · 1

)

]

−1

µ =
[(

r
T · σ−1 · 1

)

r∗ −
(

r
T · σ−1 · r

)]

[

(

r
T · σ−1 · 1

)2
−
(

r
T · σ−1 · r

) (

1
T · σ−1 · 1

)

]

−1 (19)

By means of the first-order condition, we conclude that

σ2
opt =

[

(

1
T · σ−1 · 1

)

r∗
2

− 2
(

r
T · σ−1 · 1

)

r∗ +
(

r
T · σ−1 · r

)

]

×
[

(

r
T · σ−1 · r

) (

1
T · σ−1 · 1

)

−
(

r
T · σ−1 · 1

)2
]

−1

(20)

Proposition 1 When all species are exposed to some level of risk, the efficient frontier of the

mixed-species portfolio is the superior segment of a parabola originating from the linear combi-

nation.

It represents, for each level of risk, the maximum return that the forest owner can expect
from the portfolio. It also represents, for a level of return, the minimal risk to which the forest
owner is exposed.

We can now compute the optimal portfolio that minimizes the risk, that is, the minimum
variance portfolio

∂σ2
opt

∂r∗
=

[

2
(

1
T · σ−1 · 1

)

r∗ − 2
(

r
T · σ−1 · 1

)]

×
[

(

1
T · σ−1 · 1

) (

r
T · σ−1 · r

)

−
(

r
T · σ−1 · 1

)2
]

−1

(21)

By setting the derivative equal to zero, we find that the value of the minimum variance
portfolio equals

{

r∗ =
[(

r
T · σ−1 · 1

)] [(

1
T · σ−1 · 1

)]

−1

σ∗ =
[(

1
T · σ−1 · 1

)]

−
1

2

(22)
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Proposition 2 There exists a mixed-species portfolio that minimizes the risk.

From the results above, let us now simulate the optimal portfolios for each French adminis-
trative department.

3 Materials and methods

3.1 Data source

3.1.1 Productivity and vulnerability

We study 7 tree species, which are representative of the French territory1. The study includes
4 species of oak: Pedunculate oak (Quercus robur), Downy oak (Quercus pubescens), Sessile
oak (Quercus petraea) and Holm oak (Quercus ilex); it also includes Common beech (Fagus
sylvatica), Scots pine (Pinus sylvestris) and European larch (Larix decidua). We assume the
species to allow covering a large variety of tree behaviors and site conditions throughout France.
All the data come from the French National Forest Inventory (IFN) historical database.

Since 2004, the IFN inventory is based on a systematic grid sampling method (Charru et
al., 2010; Robert et al., 2010). The territorial networking consists of a 1 km x 1 km grid map.
The measurements were made independently per administrative department at a nearly 8-year
rate. In order to determine the main type of vegetation, the mapping was analyzed through
aerial photography, followed by the field verification and measurement. The method began to be
applied in 1971; the entire country was covered in 1980. By reason of the level of detail of the
inventory, the time span between two measures in the same department was approximately 12
years. That point is clearly problematical to catch up with information such as the growth rate.
In 2004, IFN decided to change its methodology for the sake of estimating the impact of events
like droughts or storms. In consequence, the grid became larger (1 point for 10 km2); it moves
by 2 km per year, providing a kilometer precision covered every 10 years. The new inventory
method enables to cover annually the entire metropolitan territory. Furthermore, the territorial
scale went from the administrative departments to the administrative regions composed of several
departments.

The data collected by IFN are stand and tree characteristics as well as the environmental
aspects. Given that we focus on productivity, we isolate the stand characteristics such as area,
volume and increment. The area estimation is calculated using the field data and the photo-
interpretation results. IFN estimates the sum of wood (more than 4 ha) and small wood (between
0.5 and 4 ha) while distinguishing the poplar plantations. Apropos of the volume calculation,
the definition considers the volume over bark of the bole and a cutting top diameter of 7 cm. For
a tree to be recorded, the minimum circumference has to be of 23.5 cm at 1.3 m height above
the ground. Since the calculation is based on a 5-year rotation, the volume includes the volume
of growing living trees as well as the volume of trees that died in the past 5 years. Finally,
the increment is evaluated by means of two components: the volume of recruitment and the
increment of previously counted trees. The recruitment corresponds to the number of trees that
reach the minimum circumference threshold of 23.5 cm during the last 5 years. The increment
or the tree growth is measured using an increment borer.

3.1.2 Probabilities of presence

Probabilities of presence per tree species and per department (Badeau et al., 2010; Cheaib et al.,
2012) are used to compute the probabilities of survival of the optimal portfolios. The distribution

1Equally, the number of species has been compelled by the availability of probabilities of presence, as
described hereafter.
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of tree species and the probabilities of presence were extracted and aggregated from the IFN
database. For each species, about 90 points were calculated in each department, ensuring the
robustness of the results. These probabilities are given for two dates, respectively T2 and T3,
which correspond to years 2050 and 2100. As presented in Fig. 1, we built a map representing
the probabilities of presence2 throughout the French metropolitan territory at the T2 horizon3.

Figure 1: Probabilities of presence per French administrative department

3.2 Raw data treatment

The IFN raw data contains detailed information such as areas, volumes, recruitment, increment,
mortality and various ratios. The first step consisted in selecting the appropriate and relevant
data. Inasmuch as we are interested in monitoring the production of wood in time, we separately

2Normalized to one.
3No important changes in tree species probabilities of presence occur between the two time-horizons.
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extracted the yearly data on increment, recruitment and area per department and per region,
for each tree species. The first difficulty dealt with the fact that the inventory data were discon-
tinuous. We therefore made the assumption that no major event between two inventory dates
occurred. Although this point is debatable, this option seemed acceptable regarding the data
heterogeneity.

For each year, we computed the total relative productivity (P ). We define this productivity
as the volume of wood produced in one year for a given surface. A forest stand is composed of
one main species (with the largest total surface area) and potentially several secondary species.
The total volume for a species was determined by adding the volume of newly countable trees
(recruitment) and the increment in volume of the pre-existent trees (already counted in the last
inventory) in areas where this species is considered as the main species. Forasmuch as most
forests are not homogeneous, it is virtually impossible to obtain detailed surface data for one
specific tree species. The considered surface thus corresponds to the area where the targeted
species is the dominant one. Subsequently, the productivity can be seen as relative. In other
words, the relative productivity for a given species refers to the total productivity of the area
where this species is predominant. Algebraically, we have

P = Recruitment + Increment
Surface

m3.ha−1.year−1

The average productivity and the variance per species and per department were computed
over the whole period of study. In order to homogenize the commencement of the inventory,
an inverse extrapolation was used to simulate past productivities back to 1978, year of the very
first inventory (in Ariège, Midi-Pyrénées). We first tested the arithmetic progression and the
polynomial regression, but finally opted for the geometric recurrence relation, which yielded lower
jumps of variance. The formula is as follows

un−1 = un × q−1 for n ∈ [1978, 2009]

where q = P = 1

2009−k

∑

2009

n=k
Pn

Pn−1
and k the year of the first inventory.

We then estimated the covariance matrix per department and per region. At last, using
the surface data, we determined the species’ proportions and thereby estimated the tree species’
composition in each department.

3.3 Portfolio selection

The results obtained from the previous section were used as inputs in the portfolio selection
model.

The average productivity was interpreted as the annual productivity and the variance as the
species-specific vulnerability or risk. The covariance matrix was applied to compute the portfolio
vulnerability. Three major statistic outputs were obtained: the portfolio average productivity,
the vulnerability, and the slope signifying the portfolio Productivity

Vulnerability
ratio.

The portfolio productivity corresponds to the sum of the productivities of all species weighted
by their proportions in the forest stand and subtracted from the risk-free productivity. We
defined the risk-free productivity as equal to the lowest productivity among the tree species.
The underlying assumption is that the risk-free productivity, equivalent to the financial risk-free
asset, is given by the lowest achievable productivity.

The first step consisted in calculating the productivity and the vulnerability of the current
tree species’ composition portfolio. This current portfolio is very likely not to be an optimal
portfolio. We then minimized the portfolio vulnerability for a fixed portfolio target productivity;
given the risk of climate change and the risk of recruitment failure, we chose the current portfolio
productivity or status quo to be the anchor target. The outputs the model generates are the
proportions of tree species. We ran the model for a range of portfolio target productivities. As
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the productivity is expected to dwindle in the forthcoming years, 11 simulations were made with
targets of 7 lower portfolio productivities and 3 higher portfolio productivities. The results were
then used to build the efficiency frontier curve by plotting the expected productivities against
the corresponding vulnerabilities. This curve represents the possibility for the forest owner to
cope with the minimum risk for a given productivity.

Obviously, the tree species’ composition varies in accordance with the simulated optimal
portfolio. This variation (∆) has also been estimated. The gap between the current portfolio
and the optimal portfolio for the same productivities of tree species has been examined. In this
manner, we could pay attention to the distance between the current portfolio and the optimal
portfolio.

Once we obtained the range of optimal portfolios, we infused the species’ probabilities of
presence by years 2050 and 2100 and computed the survival probabilities of the portfolios. We
assumed that the future portfolios’ states only depended on the current state, and thus applied
the probabilities through a Markov process. The latter corresponds to the product of a row
vector (1,n), which gives the probability of presence for the n tree species, and a column vector
(n,1), reflecting the proportion of each species in the stand. To enable the comparison between
the medium and the long terms, the survival probabilities have been computed at T2 and T3.

4 Results

Given the large numbers of territorial units (90 departments and 22 regions) and optimal port-
folios’ simulations, we decided to show the detailed results for the department of Meurthe-et-
Moselle, and the global results for the French territory.

Meurthe-et-Moselle is one of the fourth departments of the Lorraine region. In the latter, the
forested area covers 880 000 ha and represents 37% of the land surface (the national average is
29%). The forest sector in Lorraine is mainly subjected to the public management of the French
National Forestry Office (ONF) and is one of the most important in terms of harvested volumes
in France, that is, around 2.8 Mm3 in 2011 (ONF, 2013). The region shows an important variety
of climatic areas and tree species. This underlines its economic and ecological importance. In
the Meurthe-et-Moselle department, the forested area covers 167 000 ha and represents 32% of
the land surface.

Table 1: Average productivity (in m3
.ha−1.year−1) and vulnerability (in %) in the

Meurthe-et-Moselle department

Species Mean productivity Vulnerability
Pedunculate oak 1.80 5.5%

Sessile oak 2.18 1.9%

Common beech 3.26 4.3%

Scots pine 3.44 204.7%

Table 1 displays the average productivity and vulnerability of tree species present in the
department and computed from the historical data. Despite the easy comparison between the
productivities, a careful attention must be payed to the respective vulnerabilities. We can notice
that productivity and vulnerability are not always proportional. Indeed, the Pearson’s r corre-
lation coefficient of 0.296 (p < 0.005) implies an absence of linear correlation between the two
factors. Hence, highly productive species can show low vulnerability and vice versa. In detail,
Common beech is the most frequently encountered species, generally followed by Pedunculate
oak. Scots pine, which is the most productive species, is also the riskiest.
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All the computed covariances were assembled to form the covariance matrix (Table 2). The
higher the covariance, the riskier the investment. Species with covariances close to zero are
the most effective in reducing the overall portfolio vulnerability. The weight in the portfolio
corresponds to the proportion of the species in the department, that is, the part of the forested
area occupied by this species. In finance, this would correspond to the weight of an asset in the
portfolio. The weighted sum of covariances is calculated for each species. The sum of sub-totals
indicates the whole portfolio vulnerability.

Table 2: Meurthe-et-Moselle covariance matrix

Species Weights 30.92% 15.96% 0% 3.12%

Pedunculate oak 30.92% 0.0531357 0.0233746 0.0407517 −0.061749
Sessile oak 15.96% 0.0233746 0.0180579 0.0243981 −0.113869
Common beech 0% 0.0407517 0.0243981 0.0417561 −0.186863
Scots pine 3.12% −0.061749 −0.113869 −0.186863 1.982599

Total 100% 0.0092 0.0103 0.0000 −0.0010

Fixing a range of portfolio productivity targets yields a range of optimal portfolios. The
results are gathered in Table 3. The latter includes the average portfolio productivities and
vulnerabilities as well as the slope of the efficient frontier. For each optimal portfolio, the opti-
mizing standing timber composition is given in percentage. Because a decrease in productivity is
expected in the forthcoming years, most of the simulations correspond to scenarios of decreases
in productivity.

Two columns in Table 4 are of key importance. The Current column does not show an
optimal portfolio: it shows the portfolio profile with the current composition. The Optimum
column reconfigures the weights of tree species in order to minimize the portfolio vulnerability
while maintaining the current productivity. The comparison between the two is given by ∆. For
instance, the portfolio vulnerability in the Meurthe-et-Moselle department could be reduced by
increasing the weights of Sessile oak and Scots pine. In contrast, Pedunculate oak and Common
beech should be less favored.

Table 3: Current and optimal portfolios in the Meurthe-et-Moselle department

Current Optimum ∆

Mean productivity 0.6945 0.6945 0%

Vulnerability 2.82% 1.13% −1.69%
Pedunculate oak 32.29% 0% −32.29%
Sessile oak 27.24% 71.68% 44.44%

Common beech 38.45% 21.46% −16.99%
Scots pine 2.02% 6.86% 4.84%

The deviation of the tree species’ composition from the current state indicates the distance
to the optimum. The greater the gap, the less efficient the on-going tree species’ distribution.

According to Proposition 1, the range of optimal portfolios enables to build the efficient
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frontier curve (Fig. 2)4. It illustrates the variations of the productivity-vulnerability ratios and,
by extension, the opportunity set that offers the highest portfolio productivity for a given level
of risk. The inflection point on the left point locates the minimum variance portfolio; it is not
necessarily the portfolio with the minimum productivity. The choice of a particular optimal port-
folio depends on the degree of risk aversion that is specific to the decision-maker. A risk-averse
individual will tend to favor a portfolio in the vicinity of the inflection point.

The current portfolio is not represented for the reason of its excessive vulnerability. This
implies that significant changes need to be undertaken so as to obtain efficient combinations.

Figure 2: Meurthe-et-Moselle efficient frontier with average productivities (ordinates) at
different levels of vulnerabilities (abscissa)

Table 3 also gives the levels of portfolios’ survival at T2 and T3 as a complementary decision-
aid tool. The probabilities are closely linked to the species’ proportions and vary within regions.
In some cases, the maximum probability of survival corresponds to the minimum vulnerability.
Nevertheless, in most of the cases, it does not. Fig. 3 provides an illustration of T2.

Figure 3: Portfolios survivals at T2 in the Meurthe-et-Moselle department with survival
probabilities (applicates) of average productivities (ordinates) at different levels of vul-
nerabilities (abscissa)

4The least vulnerable portfolio stands at the inflection point illustrating Proposition 2.
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The same methodology is applied to each French department in order to obtain the optimal
species’ compositions. We then map our results in Fig. 4. Some French departments are
characterized by monocultures, as the departments of Landes and Gironde in the South-West,
where only Maritime Pine appears. In such a case, no optimal output can be yielded.

Figure 4: Optimal portfolio per French administrative department

The nationwide results presented in Fig. 4 corroborate the previous studies and the current
recommendations. On the long term, the presence of the historically implanted Common beech
is to be called into question (Hanewinkel et al., 2012). As indicated by Badeau et al. (2010),
this species may observe a radical decrease in its natural range by 2100 and will only subsist in
the north-eastern part of France or in mountain areas. Furthermore, the balance between Sessile
oak and Pedunculate oak should be modified in favor of Sessile oak, which has proven to be more
adaptive and drought-resistant (Bréda et al., 1993; Vivin et al., 1993).

Let us now see whether there exist linear relationships between the species’ optimal portfolio
weights and their probabilities of presence (Table 5). The clouds of dots are in Fig. 5.
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Figure 5: Clouds of dots situating the weights of the optimal portfolios (abscissa) and the
probabilities of presence (ordinates)

(a) Pedunculate oak (b) Downy oak

(c) Sessile oak (d) Holm oak

(e) Common beech (f) European larch

(g) Scots pine
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We observe significant positive Pearson’s correlations for an estimate of p < 0.01 for all
species, such that greater weights in the optimal portfolios correspond to higher probabilities
of presence in 2050. In greater detail, the Holm oak’s portfolio weights are highly correlated
to its probabilities of presence throughout the French territory. The weights of Pedunculate
oak, Downy oak, Sessile oak and Common beech are moderately correlated to their respective
probabilities of presence, whereas the Scots pine’s portfolio weights and probabilities are weakly
correlated.

Table 5: Pearson r-correlation coefficient

Species r-coefficient
Pedunculate oak 0.532∗∗

Downy oak 0.569∗∗

Sessile oak 0.522∗∗

Holm oak 0.804∗∗

Common beech 0.584∗∗

European larch 0.612∗∗

Scots pine 0.392∗∗

∗∗ Correlation is significant at the 0.01 level.

We thus obtain an intuitive result, in the sense that the weights of the most resilient species
are the ones that should be priviledged in the optimal portfolios. Thereby, forest ecology and for-
est economics lead to convergent conclusions, which confirms the soundness of our pluridisciplinar
approach.

5 Discussion and conclusions

The objective of this paper was to see whether it was possible to determine the optimal com-
position of standing timber using the Markowitz portfolio theory. In this sense, we answer the
call by Legay et al. (2008) who question the benefits obtained from the mixture of forest species
in terms of forest management. The use of a well-tested financial method in the interest of an-
swering the technical forestry issues is a way to strengthen the bond between the two disciplines.
Indeed, the use of non-financial values dependent on biotic and abiotic factors made possible to
establish a parallel between finance and forest science. Having said that, we must acknowledge
that our approach is not supposed to be an absolute decision-aid tool; forest management is a
science in which many different aspects are taken into account. Since historical data could not
be used alone to predict the future states of the forests, the ecological probabilities of presence
have been included. The latter support the soundness of the simulations.

We used the historical data from IFN, which has been collected over a long period and
originally not designed for these kinds of simulations. For example, the wood production data
only concern the main species. However, the forest stand is not monospecific and several sub-
species are frequently found. It is thus impossible to measure or calculate the area covered by
one single species. Since the volume of wood produced by one species is divided between the
areas occupied by several species, a larger or smaller underestimation of productivity may have
occurred. Notwithstanding, this issue has been bypassed by considering large surfaces such as
administrative departments and regions.

Another issue dealt with the time span. Data from the early 70’s are available but cannot be
used due to the changes in the IFN inventory methodology. These old data are not computable
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via the current extraction tool used by IFN. We have decided to solve the problem by simulating
past productivities using a geometric series formula.

Still, the great advantage of these data is their availability. The inventory method varied in
time, but not from the geographical point of view. It means that the results are fully comparable
between the regions.

5.1 The portfolio selection theory in a forest context

If the portfolio selection has proven to by efficient in a forest context (Neuner et al., 2013;
Knoke et al., 2005, 2008; Knoke, 2008), this is the first time that the tree productivity has been
completely assimilated to a financial return. Despite being innovative, this approach also yields
new questions and limitations. The first concerns the number of species used in the simulations.
Since the successive simulations make the proportion of tree species variable, it is irrelevant to
conduct simulations in departments with less than two species. For a two-species portfolio, only
one combination to obtain the targeted productivity is suitable; the minimization of the portfolio
vulnerability proves to be impossible. A solution could be found by considering more species on
the national scale, or by regionalizing the choice of species. For example, in Bouches-du-Rhône,
it would make sense to consider Aleppo pine (Pinus halepensis, Mill.) which covers 87.5% of the
forested area.
Another important limitation concerns the planted species. In France, some species are

artificially planted and presently cover large surfaces. This is particularly noteworthy in the
South-West Landes forest, which represents the largest forest of planted Maritime pine (Pinus
pinaster, Aiton) in Europe. Douglas fir (Pseudotsuga menziesiiand, Mirb.) and Poplars (Populus
genus), with numerous cultivars, are also concerned. Most of the time, these species are planted
with the purpose to create an even-aged stand. After a clear cut, the productivity falls down
to zero and this drop would be interpreted by the portfolio model as a critical risk. This phe-
nomenon could be attenuated via uneven-aged forests. Likewise, the bias could be counteracted
by considering larger surfaces provided that plantations are not minority.
In the same register, natural hazards have a real influence on the tree species’ assessment.

The first problem is related to geography, for the impact of natural disasters such as storms is
not fairly distributed across the country. As an example, the 1999 Lothar storm hit the north of
France; the southern part of the country was not affected. Therefore, the same tree species will
be considered as riskier in the north. Moreover, if the wind sensibility could be regarded as a
common factor of vulnerability, this is no longer true for the forest fires. Mortality due to forest
fires does not depend on the tree characteristics, but is only related to location: fires are much
more common in the south of France. These limitations cannot be avoided.

5.2 Adequacy with forest management

Although the present study is not intended to give definitive guidelines for forest management
in the French departments, its results could be consulted on a larger scale such as the ecological
regions. In all cases, the aim was to show the potentiality of the portfolio selection theory in a
forest context. Although being promising, the methodology needs improvement.
Only seven species were used to run the simulations. Even if these species are among the most

represented, they are not representative of the forests on a regional scale. Taking account of the
regional species would allow obtaining more accurate results. Unfortunately, the probabilities of
presence of these species lack, which prevents from assessing the portfolios’ survivals.
Moreover, many studies have shown that changes in environmental conditions lead to different

species’ distributions (Walker et al., 2002; Iverson et al., 1999). Southern species may become
adapted to northern conditions. For instance, the Holm oak tree range limit could be pushed
northward within 50 years (Hanewinkel et al., 2012). Even if the probabilities of presence of some
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tree species are known by 2050 and 2100, it would be impossible to compute an optimal portfolio.
The calculation of both the productivity and the vulnerability is based on historical data, yet they
do not exist if the species have not been previously settled. This portfolio calculation method
suits the well-established species; it could become a predictive model of the forests’ compositions
only if the projections of productivities were available.

Finally, this opening model could be supplemented with additional inputs. The growth rate
of a tree is determined by a myriad of factors such as the inter- and intra-specific competition, soil
potential or water availability. The additional factors would lead to the calculation of composite
indices of productivity and variability. The extension would be especially justified on the scale of
a single forest. Conditions vary dramatically from one forest to another; to avoid biased results
and irrelevant conclusions, detailed inputs are needed to analyze small forest areas. In sum, this
work could be the foundation for more extensive investigations.

The results would have been different had we focused on financial returns. Thereby, a species
may show a low variance in productivity while being subjected to highly fluctuating timber prices.
The priority was given to the preservation of the means of production, that is, the expected
amount of wood: a goal for which the model proves to be suitable.
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