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Abstract
& Key message Whole-tree harvesting makes forests more profitable than conventional harvest as long as the impact on
tree growth remains under 2.3% for even-aged oak (Quercus petraea (Matt.) Liebl.) and 3.4% for sweet chestnut
(Castanea sativa Mill.) coppice with oak standards. Coppice-with-standards may have potential to be more profitable
than even-aged oak in case of 50% rise in fuelwood prices with 10% decrease in timber prices.
&Context Making the shift to renewable energy sources requires increasing biomass removal from the forest in a sustainable way.
Today, themost common practice for forest biomass extraction is whole-tree harvesting rather than conventional harvest in which
only stems are harvested or sometimes branches larger than 7 cm in diameter. However, intensive biomass harvesting can
certainly increase economic profitability but it could affect long-term forest productivity because more nutrients are exported
from sites.
& Aims We explored the land expectation value of even-aged oak (Quercus petraea (Matt.) Liebl.) and sweet chestnut (Castanea
sativa Mill.) coppice with oak standards under different discount rates and wood prices scenarios, tree mortality triggered by
climate variation as well as the effects of a decrease in forest productivity due to whole-tree harvesting on the land expectation
value (LEV).
& Methods We modeled two plausible harvesting scenarios for both stands and assessed their LEV. We first analyzed the
sensitivity of the valuation results to discount rate, wood prices changes, and increased tree mortality rates. Second, we compared
conventional harvest to whole-tree harvesting in which removing the fine wood implies a decrease in tree growth over the long
term (between 1 and 10%).
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& Results In the current economic situation, the LEV of even-aged oak is higher than coppice-with-standards but this situation
could be reversed in case of rising energy prices and lower timber prices in the future. The variation of the discount rate has a
significant impact on the LEV but 3% seems to be adequate for European forests. A gradual increase in annual tree mortality rate
of 0.6 and 0.9% along even-aged and CWS rotation, respectively, reduced the LEV by half, while increased mortality with
constant rates along the rotations had more negative effect on the LEV than gradual increases: 0.4–0.5% increases in mortality
rates reduced both LEV’s by half.

Whole-tree harvesting is able to improve the LEV for both stands by 36 to 64% compared to conventional harvest; but this
improvement of LEV only lasts as long as the impact on tree growth remains under 2.3 and 3.4%, respectively, for even-aged oak
stand and coppice-with-standards.
& Conclusion Whole-tree harvesting system increases forest profitability as long as the sustainability guidelines for biomass
harvesting are respected. With the increased demand for fuelwood, the coppice-with-standards regime may become financially
attractive once again and fulfill a multitude of forest owner objectives with a wide range of additional options.

Keywords Fine wood . Fuelwood . Sessile oak . Chestnut coppice . Faustmannmodel . Optimal rotation length

1 Introduction

In the context of climate change, national and international
institutions have recommended the promotion of renewable
energy to protect the global environment and reduce green-
house gas emissions. The new bioeconomy roadmap for
European countries (European Commission 2018) aims to ac-
celerate the deployment of a sustainable bioeconomy by pro-
moting bio-based products and wood consumption for differ-
ent uses to reach sustainable development goals respecting the
Paris Agreement (UN General Assembly 2015). The strate-
gies of the bioeconomy and forest-based sector focus inten-
sively on production processes, product substitution by bio-
based alternatives, and resource efficiency (Pelli et al. 2017).
France has launched its national bioeconomy strategy
(Alim'agri 2017) and has set operational objectives for the
forest-based sector, detailed in the National Forestry and
Wood Programme (PNFB) and the National Biomass
Mobilization Strategy (SNMB) (Alim'agri 2016; MTES
2018). This forest policy aims to satisfy biomass demand in
both volume and quality and to optimize the co-benefits of this
mobilization while preventing potentially negative impacts.

However, the development of forest bioeconomy is com-
plex, because it builds on a fragmented policy framework and
there is no common EU forest policy (Wolfslehner et al.
2016). The Nordic bioeconomy program is rapidly developing
and aims to combine environmental, social, and economic
ambitions for an even more sustainable development in the
Nordic region (Points 2018). In Eastern Europe, there is a lack
of national bioeconomy strategies and action plans for the
sustainable and circular use of the bioresources (Paşnicu
et al. 2019; Vasary 2019).

French forests contain an important wood resource and
cover more than 16 million ha. They are mostly mixed decid-
uous broad-leaved forests and are mainly private, with more
than three million forest landowners. Coppice-with-standards
(CWS) is a traditional management system developed over

past centuries in Western and Northern Europe to ensure a
continuous flow of a wide range of forest products (Buckley
1992). However, since the beginning of the twentieth century,
CWS stands have progressively been converted to high forests
(Huffel 1909), though they still frequently occur throughout
France (5 million hectares, about 30% of the total productive
forest area (IGN 2015)).

Today, the desire to develop renewable energy sources and
supply wood chips to collective biomass boilers and power
plants has created an increasing interest in the extraction of all
forms of forest biomass. Different methods of logging are
used in Europe; their selection depends on site conditions,
silvicultural treatments, species composition, tree sizes, stand
density, and the economic condition of each country.
According to Asikainen et al. (2009), the proportion of mech-
anization varies greatly among European countries: the per-
centage is close to 100% in the Nordic countries, UK and
Ireland, and notably smaller in Eastern Europe. The mechani-
zation and whole-tree harvesting (WTH) make harvesting
poor-quality wood as bioenergy profitable for the landowner
(Adebayo et al. 2007; Spinelli and Magagnotti 2010).
However, additional harvesting, in particular the extraction
of fine wood [diameter < 7 cm], has come under debate.
Indeed, despite the relatively small proportion of biomass in
fine wood, it contains large amounts of nutrients (Weetman
and Webber 1972; Triska and Cromack 1980; Augusto et al.
2015) and its removal could compromise forest productivity.
Several studies have shown that removing fine wood has neg-
ative effects on long-term forest yield by reducing stand pro-
ductivity over time; tree growth can decrease by 3 to 20%
(Kimmins 1976; Grigal 2000; Nord-Larsen 2002; Peng et al.
2002; Thiffault et al. 2011; Wall 2012; Kaarakka et al. 2014;
Miettinen et al. 2014; Achat et al. 2015; Egnell 2017). In this
regard, the French recommendations for sustainable biomass
harvesting have continuously been updated thanks to several
scientific studies and increasing technical expertise (Cacot
et al. 2006; Landmann and Nivet 2014). The latest
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recommendations take into account local conditions, in par-
ticular soil sensitivity to mineral exports (Landmann et al.
2018). It is highly recommended to leave at least 10% of the
fine wood on the ground for non-sensitive soils and to increase
this value to 30% on moderately sensitive soils. In the case of
highly sensitive or poor soils, harvesting fine wood is not
recommended; all fine wood should be left on the forest floor.

Forest management is a complex process, which requires
both patience and acceptance of risk, and which includes en-
vironmental, economic, and social criteria. Not only is knowl-
edge of the effects of nutrient losses due to WTH essential to
maintaining forest soil fertility, economic issues are also cru-
cial to guarantee forest sustainability. The emergence of new
industries and new wood-derived products implies changes in
silvicultural practices and forest management; these changes
undoubtedly involve environmental risks but also long-term
economic uncertainties for the future. Additional harvests will
undoubtedly increase the profitability of the stand but the ef-
fects of more harvesting on the forest have not been sufficient-
ly analyzed from an economic point of view. Furthermore, the
increases in tree mortality have been highlighted in different
forests around the globe (VanMantgem et al. 2009; Peng et al.
2011; Westerling et al. 2006; Williams et al. 2013). A number
of studies (Sáenz-Romero et al. 2017; Taccoen et al. 2019;
Brandl et al. 2020) suggest that mortality rates will keep on
increasing, while species that have not been impacted to date
might be impacted in the future.

Forest investment is staggered over time; the return may
occur decades after the initial investment. It is therefore nec-
essary to compare cash flows occurring at different times.
Faustmann (1849) considers a forest as a financial asset man-
aged over an infinite horizon; he proposed a simple determin-
istic model to evaluate the land expectation value (LEV) over
an infinite sequence of rotations. Discounting to determine the
present value of future cash flows is therefore fully justified in
forest economics (Samuelson 1976; Peyron andMaheut 1999;
Terreaux 2008; Hanewinkel 2009; Hyde 2012). On this issue,
Price (2014) and Brazee (2018) demonstrated the implications
of various discount rates on net present values and showed
howmuch time is crucial inmany aspects of forest economics.
In addition, silvicultural costs have an important effect on the
net present value since these “front-end costs” emerge at the
beginning of a rotation (Sauter and Mußhoff 2018). Timber
prices also depend on wood quality (Cavaignac et al.
2005), variation in supply and demand (Caurla et al.
2010), and climatic policies (Buongiorno et al. 2011;
Hanewinkel et al. 2013). More generally, forest invest-
ments can be subject to natural hazards (growth fluctu-
ations, storms, diseases, fires, etc.) and economic risks
(variations in inflation, supply and demand, wood prices
and silvicultural costs, etc.), not to mention other polit-
ical and social risks (Kant and Alavalapati 2014;
Terreaux and Chavet 2016).

The main objective of this study was to compare the land
expectation value (LEV) for even-aged oak (Quercus petraea
(Matt.) Liebl.) and chestnut coppice (Castanea sativa Mill.)
with oak standards under different wood prices and discount
rates scenarios. Using current prices and silvicultural costs, we
generated a series of cash flows and transformed these into
Faustmann’s LEV, assuming that future costs, prices, and
stand growth were known. Nevertheless, tree survival is fre-
quently hypothesized to be climate sensitive (Peng et al. 2011;
Williams et al. 2013). With projections of increasing temper-
atures (O'Neill et al. 2017), drought frequencies, and intensi-
ties, a number of studies suggest that mortality rates will keep
on increasing (e.g., Neumann et al. 2017; Sáenz-Romero et al.
2017).

The LEVwas assessed according to two harvesting scenar-
ios: (1) whole-tree harvesting and (2) conventional harvesting
(all fine wood is left on site). Whole-tree harvesting scenario
was then analyzed under the assumption of decline in long-
term productivity due to intensive biomass removal and nutri-
ent exports by fine wood.We therefore explored the economic
consequences on LEV by simulating 10 scenarios of decrease
in tree growth in both height and diameter from 1 to 10%. This
study also aimed to find possible trade-offs between the short-
term economic gain and the long-term decline in productivity.

2 Material and methods

2.1 Harvesting scenarios and working hypotheses

We simulated two plausible scenarios each for even-aged oak
stand and CWS: (1) whole-tree harvesting (WTH), and (2)
conventional harvesting (CH) without any export of fine
wood. Three categories of potential wood uses were defined
according to dimensional characteristics: (i) large wood [di-
ameter > 22 cm] for timber, (ii) medium wood [7–22 cm] for
industrial wood or fuelwood, and (iii) fine wood [diameter < 7
cm] only for fuelwood. In WTH scenario, all the fine wood
was harvested at each silvicultural operation, with the assump-
tion that 10% of the fine wood would systematically be left on
the forest floor due to harvesting losses (Landmann et al.
2018). In this case, the decline in stand productivity was as-
sumed to affect tree growth, in height and diameter, from 1 to
10% due to additional nutrient exports (Nord-Larsen 2002;
Wall 2012; Achat et al. 2015). In CH scenario, large wood
was sold as timber and only medium wood was harvested for
energy and other industrial uses. All the fine wood was left on
the ground. We assumed here that soil fertility and stand pro-
ductivity would not be affected because the high nutrient con-
tent of fine wood would ensure the maintenance of soil fertil-
ity (Lattimore et al. 2009; Landmann and Nivet 2014).

Silvicultural operations in each scenario were triggered at
the same reference basal area; this postponed thinning
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operations and coppice harvesting date from 1 to 5 years de-
pending on the decrease in height and diameter as well as the
stand type.

2.2 Growth models and volume equations

We modeled two plausible stands on medium-fertility sites
(Jarret 2004; Bedeneau 1988): (i) pure even-aged sessile oak
stand and (ii) chestnut coppice with oak standards stand
(CWS). We then used the dendrometric outputs (Bessaad
et al. 2020) to compute subsequent volumes through tree al-
lometric equations, thereby ensuring consistency in our esti-
mates by compartment (stem, crown, branches) and by cutting
level. The harvested volume, at any given date of silvicultural
operation, is one of the most important pieces of information
for conducting economic analyses. This method allowed us to
compute, for both stands, the profitability of each scenario
(WTH and CH) using Microsoft Excel software.

2.2.1 Pure even-aged sessile oak

The “Fagacées”model developed by LeMoguédec and Dhôte
(2012) allowed us to obtain the necessary dendrometric data
(Table 1). We opted for the recommended silvicultural

pathway of sessile oak on a medium-fertility site class (site
fertility index: H100 = 27.5 m) from Jarret (2004) because of
using average economic data afterwards. We then reproduced,
as closely as possible, the silvicultural pathway on the basis of
the relative density index (RDI) value (Reineke 1933), which
is the ratio of the actual number of stems (N) in a stand and the
theoretical number of stems (Nmax), this stand could support
with the same diameter at breast height (DBH) (Eq. 1).

RDI ¼ N
Nmax

ð1Þ

2.2.2 Coppice-with-standards

We assumed here that the coppice and the standards covered
equal parts of the area (Bary-Lenger and Nebout 1993) and that
tree growth for the coppice and the standards was unrelated.We
separately simulated the part of chestnut coppice and oak stan-
dards using growth models and biomass equations. We
modeled oak standards using “Fagacées” and used Bedeneau
(1988) general logistic model for chestnut coppice, thus
allowing us to plot the evolution curves in biomass (Eq. 2)
and height (Eq. 3) according to age.

Biomass t:ha−1
� � ¼ 124� 1−e −0:078�ageð Þ

� �1:4
ð2Þ

Height mð Þ ¼ 17:9� 1−e −0:049�ageð Þ
� �0:67

ð3Þ

We then estimated tree circumference at breast height
(C130) for chestnut coppice from real observations (n =504)
and measurements of tree total height from 2 to 24 m and tree
circumference from 2 to 102 cm on four sites in the Centre-
Val de Loire region (Appendix Fig. 7). C130 depends on the
total height (Htot) and varies according to the following simple
linear regression model (R2 =99.05; P <0.05) (Eq. 4).

C130 ¼ 0:836321þ 0:350799� Htotð Þ2 ð4Þ

All dendrometric parameters for CWS stand are presented
in Table 2.

2.2.3 Volume equations

We used tree allometric equations resulting from the
EMERGE project (Deleuze et al. 2014b; Deleuze et al.
2014a) to compute woody biomass production by cutting level
(Eqs. 5 to 9). We used cutoff height (Hcut) as the main param-
eter to distribute volumes between the stem and the crown.
This parameter is defined by the French National Forest
Inventory (IFN, now IGN) as the height of the stem measured
approximately at the first major fork in the trunk, or, where

Table 1 Output parameters for even-aged sessile oak

Age G (m2. ha-1) N g (m2) D (cm) H (m) Nmax RDI

15 4.4 3447 0.00 4.0 5.7 16305 0.22

24 9.2 1907 0.00 7.8 9.3 5237 0.37

36 12.7 1155 0.01 11.8 13.2 2668 0.42

42 14.0 718 0.02 15.8 15.6 1757 0.46

51 15.4 585 0.03 18.3 18.0 1246 0.48

60 16.6 464 0.04 21.3 20.2 936 0.50

70 17.8 333 0.05 26.0 22.4 731 0.50

78 19.3 297 0.06 28.7 23.9 568 0.53

87 19.0 225 0.08 32.8 25.4 457 0.54

99 22.8 211 0.11 37.0 27.3 379 0.56

108 23.0 174 0.13 41.0 28.6 317 0.55

117 22.6 141 0.16 45.1 29.9 270 0.55

129 23.2 116 0.20 50.5 31.5 232 0.55

138 24.3 106 0.23 54.0 32.7 201 0.55

147 24.4 93 0.26 57.8 33.9 175 0.54

159 25.7 83 0.31 62.8 35.4 152 0.54

168 24.7 70 0.35 67.0 36.6 122 0.53

180 26.8 65 0.41 72.5 38.2 115 0.56

195 32.1 65 0.49 79.3 40.1 101 0.64

210 37.5 65 0.58 85.7 42.1 88 0.74

G, basal area of the stand; N, number of trees per hectare in the stand; g,
basal area of the tree; D, tree diameter; H, tree height; Nmax, theoretical
maximum number of trees obtained from the self-thinning equation; RDI,
relative density index
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appropriate, the height at which a more than 10% decrease in
diameter is reached. Indeed, this parameter is very informative
of the shape of the tree and has been systematically integrated
into inventories since 2006. We deduced a relationship be-
tween Htot and Hcut from dendrometric surveys carried out at

the nine sites. The average value of Hcut Htot for each species
was 0.41 ± 0.1; CV = 25% (n = 41) for sessile oak and 0.50 ±
0.07; CV= 13.38% (n = 504) for chestnut.

Volumes were calculated in three steps, where “a, b, c, d, e,
f, g, α, and β” are the parameters specific to each species but
without units (Appendix Table 5).

First, we calculated total tree volume (Vtot) as follows (Eq. 5).

Vtot m3
� � ¼ Htot:C 2

130

4π 1− 1:30
Htot

� �2 � aþ b
ffiffiffiffiffiffiffiffiffi
C130

p
Htot

þ c
Htot

C130

� �
ð5Þ

Second, the total volume was distributed by compartment
(stem (Vstem) and crown (Vcrown)) according to the following
Eqs. (6) and (7):

Vstem m3
� � ¼ Vtot d þ e:ln

Hcut

Htot−Hcut

� �
þ f

ffiffiffiffiffiffiffiffiffi
C130

p
Htot

þ g
C130

� �
ð6Þ

VCrown m3
� � ¼ Vtot−Vstem ð7Þ

Third, we used Eqs. (8) and (9) to obtain stem volume up to
the cutting level (Vstem_cut) and crown volume (Vcrown_cut),
respectively:

Vstem cut m3
� � ¼ Vstem � 1−

C3
cut

C3
130

1−
1:30

Htot

� �3
 !

ð8Þ

VCrown cut m3
� � ¼ VCrown � 1−

Ccut

C130
1−

1:30

Htot

� �
3−β
3α

crown part
� �−1

3

 !3−β
0
@

1
A

ð9Þ

2.2.4 Potential effects of climate change on tree mortality

Tree mortality is becoming increasingly important in the
discussion of how to adapt forests to climate change, to
preserve their ecosystem services, and to mitigate the
risk of induced economic losses. The Fagacées model
used in our study for oak has not been calibrated on
very young stands (Le Moguédec and Dhôte 2012). The
trees growth, involving self-thinning, was the only cause
of mortality. For CWS, chestnut mortality is given in
the (Appendix Fig. 8). The current mean annual mortal-
ity rate is 0.50% per year in Europe’s forests, ranging
from 0.31 per year in central-western Europe to 1.39%
per year in south-western Europe.

For our analysis, we defined two scenarios of a po-
tential increase in annual tree mortality due to drought
and temperature increment in forest. First, we assumed a
gradual increase in tree mortality from 0.1 to 1.3% over
the stand rotation. Second, we modeled tree growth un-
der constant mortality rates over time from 0.1 to 1%.

2.3 Economic parameters

We calculated the LEV (Eq. 10) under different harvesting
scenarios while respecting Faustmann’s (1849) main assump-
tions, an environment in which prices, costs, and technology
are constant.

LEV €ð Þ ¼ ∑t
i¼0

Ri−Ci

1þ rð Þi �
1þ rð Þt

1þ rð Þt−1 ð10Þ

Ri is the revenue received at time i; Ci is the cost incurred at
time i; and r is the discounting rate over time i.

We transformed the silvicultural pathway schedule
(Appendix Tables 6 and 7) into costs and revenue over the

Table 2 Output parameters for
chestnut coppice and oak
standards

Age G (m2. ha-1) N g (m2) D (cm) H (m)

Oak Chestnut Oak Chestnut Oak Chestnut Oak Chestnut

15 8.8 1508 1516 0.00 0.00 4.0 7.6 5.7 11.6

30 17.7 750 1067 0.01 0.01 10.0 11.9 11.4 15.0

60 18.5 189 1067 0.04 0.01 21.3 11.9 20.2 15.0

90 21.1 102 1067 0.09 0.01 34.0 11.9 25.9 15.0

120 16.8 30 1067 0.17 0.01 46.1 11.9 30.3 15.0

150 20.0 30 1067 0.27 0.01 59.1 11.9 34.3 15.0

180 24.2 30 1067 0.41 0.01 72.5 11.9 38.2 15.0

210 29.1 30 1067 0.58 0.01 85.7 11.9 42.1 15.0

G, basal area of the stand; N, number of trees per hectare in the stand; g, basal area of the tree;D, tree diameter;H,
tree height
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entire rotation of each stand. Occasional costs were estimated
based on averages for each type of silvicultural operation
(Table 3) (Saint-André et al. 2019; Bessaad et al. 2020).
Occasional revenue is only related to the timber and fuelwood
sales that follow the cutting schedule for each stand. We then
calculated the fixed annual revenue and charges (management
fees at 15 € ha-1, insurance costs and taxation at 15 € ha-1,
other annual income such as hunting at 30 € ha-1), based on
expert evaluation. We did not take into account possible fi-
nancial aid for afforestation, improvement of existing stands,
equipment, or management because the application of these
schemes remains marginal.

Concerning wood product prices, we first drew the
price curve for sessile oak timber, based on regional
sales data for private forests in 2017. The average tim-
ber price for standard quality followed the relation: P =
48.66 (Vol) + 61.67 and depended on mean tree volume
(Vol). The average price for fuelwood was 12.6 € m-3,
and ranged from 5 to 20 € m-3 depending on species,
tree size, forest location, and skidding distance. We ex-
amined the LEV for both types of stands assuming a
decrease in tree growth both in height and diameter
caused by fine wood removal.

To better understand the effects of our main vari-
ables, we conducted a sensitivity analysis based on
price variations observed over the last few decades.
Timber prices varied from −50 to +50%, whereas fuel-
wood prices showed a wider range, from −50% to
+150%, compared to the average value of 12.6 € m-3

obtained for 2017. Choosing the discount rate is crucial
to our research because of the long-term nature of the
impacts of WTH on soil fertility. We used a rate r of
3% to discount both costs and profits of various natures
at different times. We then conducted a sensitivity anal-
ysis for the discount rate covered a range of 2–4%,
which seems to be adequate for European forestry
(Lebègue et al. 2005; Benítez et al. 2007; Terreaux
2008; Terreaux 2018).

3 Results

3.1 Comparison of CWS and even-aged oak LEV

We first estimated the global profitability for even-aged
oak and CWS according to the same scenario (WTH)
by maximizing the LEV (r = 3%) using as command
variable the rotation age. The graphs in (Fig. 1) show
that bare land value ranged from 957 for CWS to 1292
€ ha-1 for even-aged oak. The mathematically optimum
rotation age for both silvicultural systems was 177
years, but the curve for CWS tends to reach the opti-
mum earlier than does the curve for even-aged oak. In
the case of an early harvest, for example, at the age of
120 years, the loss in LEV was less pronounced in
CWS (10%) than in even-aged oak stand (25%).
Therefore, the CWS system provides the owners or
managers forest with more flexibility, making it possible
to cut before the calculated optimal date to take advan-
tage of good market conditions, for example. The LEV
of even-aged oak was higher because this type of stand
produces more large wood (Fig. 2), in particular at the
final cutting: 437 m3 ha-1 compared to 187 m3 ha-1 for
CWS. The larger the diameter of oak timber, the higher
its value. Fine and medium wood yield from the CWS
was 1079 m3 ha-1 (including 590 m3 ha-1 produced by
the chestnut coppice), and it was much higher than in
even-aged oak stand (722 m3 ha-1) during the same
rotation.

3.2 Harvesting fine wood under the assumption of a
decrease in tree growth during subsequent rotations

Our results (Fig. 3) showed that WTH improved global
profitability compared to CH scenario by 36% for even-
aged stand and 64% for CWS. This gain was higher for
the CWS regime due to the high ratio of fine wood

Table 3 Average silvicultural costs for sessile oak in north-central
France (Saint-André et al. 2019)

Task description Average cost (€ ha-1)

Soil preparation and regeneration cost 788

Mechanical cleaning 666

Manual cleaning 1353

Creation of racks 136

Racks maintenance 97

Maintenance of objective trees marking 82

Thinning costs: paint making 120

Fig. 1 Changes in LEV (€ ha-1) in the whole-tree harvesting scenario for
even-aged oak and coppice-with-standards with an optimal rotation age
for both stands
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(20%) in the total fuelwood production (only 13% in
even-aged stand). More specifically, the chestnut cop-
pice contains a high proportion of fine wood (27% of
its production). Moreover, leaving 30% of the fine
wood on the ground improved profitability by 28% for
even-aged oak and by 50% for CWS, which represents
only slight losses in expected gain for WTH (8%) and
even-aged oak (14%).

The simulations of WTH, under the assumption of a
decrease in tree growth, allowed us to quantify the as-
sociated impact on profitability due to harvesting the
fine wood. Our results showed that a decrease of 2.3%
in tree growth for even-aged oak and 3.4% for CWS,
based on the basal reference area, postponed thinning
operations and consequently delayed revenue for up to
3 years for even-aged oak and 5 years for CWS. This
decrease in tree growth led us to the same LEV as CH
for both stands (Fig. 3). In even-aged stand, the total
volume including fuelwood was reduced by 2.7%
whereas timber production was reduced by 3.7%. For
CWS, the loss in total production was more pronounced
at 7.3%, while timber volume was reduced by 4.8%.

We also found an almost linear relation between the
LEV and the tree growth (Fig. 3). The LEV was very
close to zero for both stands if tree growth had been
reduced by 9%. In this case, total production was re-
duced by 12.5% for even-aged oak stand and by 18.5%
for CWS, while timber production was reduced by 15.3
and 12%, respectively.

3.3 Price sensitivity analysis

Fluctuating wood prices had a significant effect on LEV
(Fig. 4). First, a near doubling (+93%) of the fuelwood
price (24.32 € m-3) allowed an equal LEV for both types
of stands; beyond this price, CWS became the most prof-
itable investment. Second, raising oak timber prices by
50% increased the difference between stand LEVs from
26 to 37% in favor of even-aged stand. Conversely, a drop
of 25% in timber prices made CWS more profitable than
even-aged stand, whereas a drop of 40% and below led to
negative values. With a slight fall (10%) in timber prices
and a simultaneous 50% rise in energy prices, the LEVs of
bo th s tands became equa l . CWS became more

Fig. 2 Wood volumes. a Final large wood production, peaks, and troughs indicate thinnings. (b) Fine and medium wood production along the rotation

Fig. 3 Effects of a 1 to 9% decrease in tree growth on the LEV (€ ha-1) in the whole-tree harvesting scenario compared to conventional harvest without
any export of fine wood, for even-aged oak (a) and coppice-with-standards (b)
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advantageous when energy prices exceeded 20 € m-3. It
should be noted that the LEV was more sensitive to timber
price fluctuations than to fuelwood prices in even-aged
stand because of the high economic value of timber and
its large part in the total discounted wood revenue (Fig. 5).
At rotation end, the proportion of timber in the discounted
wood revenue for even-aged oak was 71%, with only 29%
for fuelwood including 8% for fine wood. For CWS, fuel-
wood provided about half (49%) of the discounted wood
revenue including 5 and 7% of oak and chestnut fine
wood, respectively.

3.4 Impact of discount rate r on the LEV

For both stands, forest investment was generally more
profitable under low discount rates (Fig. 6). However, for
the very low discount rate of r = 2%, the optimal rotation
age was not reached. The LEV was 10,500 € for even-aged
oak and 6600 € for CWS at 220 years, our maximum sim-
ulation period. At medium discount rates, 2.5 and 3%, the

LEV ranged from 4300 to 1290 € for even-aged oak and
from 2777 to 957 € for CWS. The optimal rotation age was
reached for both stands at 205 years (r = 2.5%) and 177
years (r = 3%). For r > 3%, the LEV was negative for both
stands.

3.5 Consequences of increased tree mortality
triggered by climate change

For both scenarios, the decrease in the LEV of even-aged
oak was more significant than CWS (Table 4). First, the
gradual increases in annual tree mortality over time re-
duced the LEV in even-aged oak by 90 ± 1 € ha-1 for every
0.1% and 47 ± 4 € ha-1 for CWS. A gradual increase in tree
mortality of 0.6% along even-aged oak rotation reduced
the LEV of even-aged oak by almost 50%, while at 0.9%,
the LEV was reduced by 70%. For CWS, the LEV was
reduced by half at 0.9% and by 70% at 1.2%.

Second, constant mortality rates had more negative
effect on the LEV than gradual increases. Both LEVs
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+150%, b fluctuating oak timber prices, from −50 to +50%, c rising
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were reduced by half at 0.4–0.5%. When increases in
annual mortality rates passed 0.6%, the LEVs were re-
duced by more than 70%.

4 Discussion

4.1 Potential trends in forest productivity and
economic value

A forest’s economic value depends mostly on the volume,
dimensions, and quality of the wood that it can produce,

thus on its soil fertility, and not only on wood prices and
silvicultural costs. The volumes we obtained were very
close to other previous studies: large wood volume includ-
ing thinning operations was 922 m3 ha-1 in even-aged oak
stand and 415 m3 ha-1 for CWS stand at the age of 177
years. For the same age and site fertility index, Jarret
(2004) estimated total volume in an even-aged oak stand
at 859 m3 ha-1. For CWS stand, Bary-Lenger and Nebout
(1993) revealed that oak timber yield ranged from 1.81 to
3.05 m3 ha-1 per year for standards, which provides be-
tween 380 and 540 m3 of timber at the end of the rotation.

Our chestnut coppice on medium-fertility soil pro-
duced 108 m3 ha-1 at every cutting. This is consistent
with Venanzi et al. (2016), who estimated 175.3 m3 ha-1

through a study carried out on a chestnut CWS in the
mountains of central Italy on high fertility sites with a
very high yield. Their estimates are very high, closer to
the production of a simple coppice regime (Bedeneau
1988; Bourgeois et al. 2004). In addition, the number
of standards in CWS system has an effect of the LEV
because they provide more timber. Poor stand in stan-
dards has less economic value than our simulated stand
with equal proportions of coppice and standards.
However, the LEV remains the highest in even-aged
oak whatever the proportions of coppice and standards
in CWS system because oak trees cover 100% of the
area and produce more high timber value than in CWS.
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It should also be noted that the results obtained from
this study concern average fertility sites. Other soil fer-
tility indexes were not investigated because of the lack
of data on CWS management as well as specific silvi-
cultural costs to each fertility class. We therefore fo-
cused on comparison between the two harvesting sce-
narios for both management systems on sites with me-
dium fertility.

For WTH scenarios, our results showed that bare
land value ranged from 957 to 1292 € ha-1 under a
discount rate of 3%. The LEV was very sensitive to
changes in discount rates; the lower rates lead to extend
the final harvest age and increase standing volume but
this will lead to greater environmental degradation in
future (Pukkala 2016).

The even-aged management system has been the ref-
erence silvicultural treatment since the beginning of the
twentieth century owing to its high production of timber
and high prices, and it has been opposed to CWS for-
ests (see, in particular, Lorentz and Huffel (1929) and
Lanier et al. (1986)). Indeed, in the current context of
low fuelwood prices, the even-aged system remains
more profitable than CWS because of the high timber
prices compared to fuelwood. Nonetheless, in light of
the EU’s renewable energy targets, biomass will become

the most important source of renewable energy, and
fuelwood prices could increase in the future geopolitical
context. We showed that an increase of 50% in fuel-
wood prices associated to 10% decrease in timber prices
aligned the profitability of the two types of stands.
CWS could therefore once again become an attractive
regime, producing both timber and fuelwood, and may
be one of the most efficient systems for the future.

4.2 Is whole-tree harvesting profitable over the long
term?

The environmental effects of increasing harvesting pres-
sure on forests are still not fully understood. Moreover,
not only the ecological aspects and potential losses in
productivity but also the related economic concerns in
order to find more possible trade-offs should be taken
into account. Fine wood represents a non-negligible part
of global forest profitability regardless of the type of
stand. WTH improved the profitability of even-aged
stand by 36% of CWS by 64% due to the additional
harvest of fine wood, which amounts to 13 and 20% of
the total fuelwood volume, respectively. Furthermore,
leaving 30% of the fine wood behind after each harvest-
ing operation, as recommended by Landmann et al.

Table 4 Consequences of gradual
and constant increase in annual
mortality rate (%) on the LEV (€
ha-1)

Annual mortality
increases (%)

Average survival
rate (%)

LEV (€ ha-1)

Even-aged oak

LEV (€ ha-1)

CWS

Gradual increases in tree
mortality (%)

0.1–0.2 76.97 1034 789

0.1–0.3 71.26 942 737

0.1–0.4 66.48 851 686

0.1–0.5 62.48 760 636

0.1–0.6 59.12 668 587

0.1–0.7 56.31 577 540

0.1–0.8 53.95 485 493

0.1–0.9 51.98 394 448

0.1–1.0 50.33 302 403

0.1–1.1 48.94 211 360

0.1–1.2 47.79 120 317

0.1–1.3 46.82 28 276

Constant mortality rate (%) 0.1 83.77 1125 843

0.2 70.16 958 732

0.3 58.75 781 624

0.4 49.19 625 520

0.5 41.18 459 420

0.6 34.47 292 323

0.7 28.84 126 228

0.8 24.13 -41 137

0.9 20.19 -207 49

1.0 16.88 -374 -36
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(2018), did not much affect the expected gain: losses
were relatively slight in even-aged oak (8%) and in
CWS (14%). We would therefore fully endorse this rec-
ommendation, if leaving 30% of the fine wood meant
there would be no detrimental effect on tree growth and
forest productivity.

A decrease in annual tree growth of only 2.3% for even-
aged oak and 3.4% for CWS had a large impact on forest
profitability and was enough to bring the LEV back to the
same level as the CH scenario. It is therefore inadvisable to
harvest fine wood beyond these growth decrease percent-
ages. Moreover, a 9% decrease in tree growth led to near-
zero LEVs for both stands, due to total wood production
reduced by 12.5% in even-aged oak stand and 18.5% in
CWS. More specifically, the decline in profitability for
even-aged stand was primarily due to reduced timber pro-
duction (−15.3%), compared to −9% for fuelwood.
Conversely, the decline in profitability for CWS was most-
ly due to reduced fuelwood production (−21%), compared
to −11.8% for timber. For lower fertility sites with a very
low LEV, the silvicultural pathway should be adapted in
order to maintain the economic value of the forest.

Our economic analysis is in line with previous re-
search on the environmental impacts of WTH, which
showed that harvesting fine wood reduced tree growth
in subsequent rotations by 3 to 20% (Kimmins 1976;
Grigal 2000; Nord-Larsen 2002; Peng et al. 2002;
Thiffault et al. 2011; Wall 2012; Kaarakka et al. 2014;
Achat et al. 2015; Egnell 2017). The current guidelines
for sustainable biomass harvesting (Landmann et al.
2018) recommend leaving 10 to 30% of the total fine
wood volume on the ground and not exporting any fine
wood in case of poor or sensitive soils. Our study sup-
ports these recommendations: a small proportion, though
not all, of the fine wood should be left in the forest.
Leaving all of the fine wood on the forest floor does
indeed affect forest profitability. We showed that the
proportion of fine wood in total wood revenue was
higher at the beginning than at the end of the rotation;
it declined gradually to reach 8% of the discounted
wood revenue at 120 years for even-aged stand and
12 at 140 years for CWS. Therefore, harvesting fine
wood does not add the same value at all cutting cycles;
the discounted profits depend on time preference and
changes in the proportion of fine wood in the total
harvest.

4.3 How do increases in tree mortality due to climate
change affect the forest profitability?

Extreme events such as abnormal droughts or heatwaves
are important drivers of tree mortality, and they are
expected to increase in frequency and intensity with

climate change (Peng et al. 2011; Taccoen et al.
2019). However, disentangling the effects of climate
change on the temporal increase in tree mortality from
those of management and forest dynamics remains a
challenge. Besides climate variability, tree mortality is
further influenced by tree size as well as other biotic
factors (van Mantgem et al. 2009; Peng et al. 2011).
Age is an important driver of tree mortality, with indi-
vidual mortality probability decreasing with age over the
first century of a tree life (Neumann et al. 2017). In
addition, Sáenz-Romero et al. (2017) indicated a signif-
icant but moderate response of tree height to climate
variation on oak population at a reference age of 10
years.

Our analysis is limited due to the multitude of factors
controlling tree mortality, but the use of early warning
could highlight some economic concerns of the future.
Our results show, for both mortality scenarios, that eco-
nomic losses due to the potential increases in tree mor-
tality triggered by climate change might be very signif-
icant. Consequences of widespread tree mortality would
seriously affect the forest profitability and compromise
long-term economic returns, especially wood revenues.
Changes in silvicultural and harvesting practices should
therefore be further explored in order to adapt forests to
future climatic variations. Moreover, a combined effect
of increased tree mortality and decrease in tree growth
due to intensive harvesting may have a large impact on
all ecosystem services, including wood and non-wood
products, carbon sequestration, and air and water
quality.

5 Conclusion

Our study demonstrates that WTH makes the forest
more profitable as long as the impact on tree growth
remains under 2.3% for even-aged oak stand and 3.4%
for coppice-with-standards. This duality between envi-
ronmental risk and economic gain requires trade-offs
to guarantee forest sustainability. Indeed, our findings
support the current guidelines for sustainable biomass
harvesting, which advocate for leaving a small propor-
tion of fine wood on the forest floor. Decision makers
need to agree on this trade-off and should remain sen-
sitive to environmental and social dimensions while in-
cluding economic analyses in their decisions. For a bet-
ter understanding of economic vulnerability of forests,
tree mortality derived by climate variation should also
receive major attention in order to maintain all ecosys-
tem services.

Our work contributes to the question of forest economic
sustainability, though certain aspects, such as risks and uncer-
tainties, need to be further addressed.
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Fig. 8 Tree mortality along chestnut coppice rotation

Fig. 7 Linear regression model
for chestnut circumference C130

estimation

Table 5 Specific
parameters of volume
equations from Deleuze
et al. (2014b) and
Deleuze et al. (2014a)

Parameters Sessile oak Chestnut

a 0.561 0.522

b 0.661 0.661

c −0.002 −0.002
d 0.898 0.662

e 0.067 0.103

f −4.059 −2.541
g 0.025 0.082

α 0.200 0.200

β 2.410 2.410
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