
atmosphere

Article

Carbon versus Timber Economy in Mediterranean Forests

Álvaro Enríquez-de-Salamanca 1,2,3

����������
�������

Citation: Enríquez-de-Salamanca, Á.

Carbon versus Timber Economy in

Mediterranean Forests. Atmosphere

2021, 12, 746. https://doi.org/

10.3390/atmos12060746

Academic Editor: Andy Morse

Received: 10 May 2021

Accepted: 8 June 2021

Published: 9 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Biodiversity, Ecology and Evolution, Faculty of Biological Sciences, Universidad Complutense
de Madrid, 28040 Madrid, Spain; alvenriq@ucm.es

2 Draba Ingeniería y Consultoría Medioambiental, 28200 San Lorenzo de El Escorial, Spain
3 Facultad de Ciencias, Universidad Nacional de Educación a Distancia (UNED), 28040 Madrid, Spain

Abstract: Forests produce goods and services, but the forest economy is based on goods, with market
price, more than on services. Under Mediterranean climate conditions forests have low timber
production, being frequently financially loss-making, despite the environmental services provided,
such as carbon sequestration. Timber production and carbon sequestration are compatible, and
a proper valuation of both can allow for a more balanced management. The aim of this paper is
to assess financially a scenario based on maximizing carbon sequestration versus another based
on maximizing timber harvesting in a Mediterranean forest. To do that, timber stock, growth and
harvesting, and carbon sequestration have been calculated. Applying market prices for timber and
CO2 both scenarios have been assessed, carrying out a sensitivity analysis. Maximising carbon
sequestration was more profitable in the vast majority of combinations; timber harvesting was only
more profitable if CO2 prices fell below 30% and timber price increases more than 20%; timber price
rise is possible, but a collapse in CO2 price is not probable. The real barrier is that while timber is as a
commodity with market price, carbon sequestration is not. The challenge for the future is to pay for
carbon sequestration, mobilising resources from polluting sectors to forests.

Keywords: carbon sequestration; environmental services; sustainable forestry

1. Introduction

Forests produce goods, such as timber, firewood, fruits or mushrooms, and services,
such as landscape, biodiversity, water or soil protection, carbon sequestration or recre-
ation [1–4]. However, the forest economy is frequently based on the production of goods,
with a market value, and does not usually consider services [5]. In addition, even benefits
from forest products have declined over the last decades [6]. As a result, forests with low
timber productivity often operate at a financial loss, despite the important environmental
services provided. Landowners often lose money, and these negative financial results
discourage forestry [7].

The Mediterranean climate is characterized by a cold winter period and a warm and
dry summer. This seasonality gives rise to two short growing seasons, in spring and
autumn, separated by two interruptions, due to cold in winter and drought in summer [8].
This short growing seasons limits vegetation growth. As a consequence, timber production
under Mediterranean climate is low, unlike, for example, Atlantic, Central European or
Scandinavian forests. This does not mean that Mediterranean forests lack value, as they
host, for example, a high number of rare and locally endemic taxa [9].

Ecosystem services may be complementary or opposed; for example, recreational use
and wildlife conservation may conflict. Similarly, timber extraction and carbon seques-
tration may conflict with each other. For example, the rotation length varies according to
whether the aim is to maximise timber production or carbon sequestration, being longer in
the second scenario [10–12].

Timber is a renewable resource that allows carbon to be stored, so increasing its use,
especially in construction, is highly desirable from an environmental point of view [13],
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but at the same time, carbon sequestration is an increasingly important goal in forest
management [14]. Managed forests, are usually younger, and have 50% lower C stocks
than unmanaged ones [15]. However, the effects of unmanaged timber exploitation, which
can lead to forest disappearance, are well known. Several authors have pointed out the risks
to biodiversity that maximising carbon sequestration can have [16–21]. In addition, climate
change impacts, especially intense in the Mediterranean, may reduce timber production
and carbon sequestration, while increasing the risk of forest fires [19].

Both timber production and carbon sequestration are environmental services provided
by forests, and are compatible with each other and with other services. A proper valuation
of both can allow for a more balanced forest management and greater income [10,18]; the
objective should be to find win-win strategies, increasing both carbon stocks and timber
harvest [22].

Forest fires, a recurrent occurrence in the Mediterranean region, are a key factor that
produce timber losses, and with it a loss of accumulated carbon stock, abruptly released into
the atmosphere. It is therefore a factor to be taken into account when assessing the forest
carbon balance, as there is a probability of carbon (and timber) stock losses. Fire frequency
depends on the risk of the area but also on the extinction means. The risk is very variable
from year to year, since not only the fuel load, its structure and flammability influence,
but also the humidity, which is very variable depending on the annual distribution of
rainfall, and above all on the existence or not of late-spring and summer rainfall. Spain
has extensive and efficient means of fire extinction, given the frequency of wildfires, so
that although the number of fire outbreaks increases, they do not usually spread. Even
so, periodically there is a conjunction of unfavourable conditions, often combined with
negligent or criminal behaviours, which despite the efforts of prevention and extinction
can lead to a fire.

There are previous works that analyze the influence of forest management on carbon
sequestration [10–12,23], some of them focused on the Mediterranean region, but they
do not include an assessment of scenarios based on specific growth and harvest data.
The aim of this paper is to assess financially a scenario based on maximizing carbon
sequestration versus another based on maximizing timber harvesting in a Mediterranean
forest, considering in both cases the risk of forest fires. In both scenarios the two factors,
sequestration and harvesting, were combined. In the first scenario timber extraction was
limited to forest management and conservation requirements, with sequestration as a
priority. In the second scenario harvesting was maximized, in a sustainable manner, with
carbon sequestration being secondary. A sensitivity analysis was conducted discussing the
profitability of both scenarios.

2. Materials and Methods
2.1. Study Area, Species and Period

The study area (Figure 1) was a forest located in the province of Madrid (Central
Spain), at an average altitude of 1400 m (range 950–1763 m). The total area of the property
was 847 ha, 653 ha forested and the rest rocky, scrub or pasture areas. The area was
deforested at the end of the 19th century, being reforested later in two periods, the first in
1892–1914 and the second in 1952–1954. The main tree species are Pinus sylvestris L. (49% of
the stock), P. pinaster Aiton (47%) and P. nigra J.F. Arnold (3%); other less abundant species
are Fraxinus angustifolia Vahl, Pinus pinea L., Acer pseudoplatanus L., Cedrus atlantica (Endl.)
Manetti ex Carrière and Abies pinsapo Boiss. The climate of the area is Mediterranean, with
an annual rainfall of 884 mm and an average temperature of 13.1 ◦C, with a marked summer
drought period. The dominant lithology is gneiss, on which inceptisol soils develop, with
a high rockiness.
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Figure 1. Study area. (a) Situation of Madrid Region in the Western Mediterranean; (b) Forested areas of Madrid Region, 
Pinus pinaster and P. sylvestris stands, and study area. 

This study considered the two main tree species, Pinus sylvestris and P. pinaster, 
which accounted for 91% of the forest timber stock [24]. The two species generally form 
pure stands, the former dominating in the higher zones, between 1300 and 1760 m, and 
the latter in the lower zones, between 950 and 1300 m; only occasionally are both species 
mixed, in contact areas. 

The study period was 1999 to 2020 for the historical analysis of forest fires, and 2005 
to 2024 for the analysis of timber harvesting and carbon sequestration. 

The forested area of Madrid accounts for 264,658 ha, 82.4% dense forests and 17.6% 
agroforestry systems, with sparse trees. Dense forests are dominated in 58.4% by hard-
woods (mainly Quercus rotundifolia Lam.) and in 41.6% by conifers. Stands dominated by 
Pinus sylvestris and P. pinaster, with an ecology and management similar to those ana-
lysed in this study, account for 44% of conifer stands and 18.6% of total dense forests [25]. 
Nationally, these two species account for 33% of all conifers and 8% of forests [26]. 

In terms of timber volume, P. sylvestris and P. pinaster represent 49% of the total 
timber volume in Madrid, and 34% for the whole of Spain; both species occupy the first 
place in terms of timber stocks in Spain, with around 153 million m³ [25,26]. The volume 
of timber harvested in Spain in 2018 [26] was 19.7 million m³, 53.9% of which was conifers 
and 46.1% hardwoods (overwhelmingly Eucalyptus). The volume of Pinus pinaster was 
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The total timber yield of these two species in Spain was 80.2 million € [26]. The total 
value at basic prices of forestry and logging products in Spain in 2019 was €960.5 million, 
0.1% of the national total [27]; timber from these two pines accounted for 8.35% of the 
value of forestry products. 

Consequently, the stands of P. sylvestris and P. pinaster, similar to those analysed in 
this work, are very representative in Spain, both superficially and in terms of their timber 
existences and annual harvesting volume. 

  

Figure 1. Study area. (a) Situation of Madrid Region in the Western Mediterranean; (b) Forested areas of Madrid Region,
Pinus pinaster and P. sylvestris stands, and study area.

This study considered the two main tree species, Pinus sylvestris and P. pinaster, which
accounted for 91% of the forest timber stock [24]. The two species generally form pure
stands, the former dominating in the higher zones, between 1300 and 1760 m, and the latter
in the lower zones, between 950 and 1300 m; only occasionally are both species mixed, in
contact areas.

The study period was 1999 to 2020 for the historical analysis of forest fires, and 2005
to 2024 for the analysis of timber harvesting and carbon sequestration.

The forested area of Madrid accounts for 264,658 ha, 82.4% dense forests and 17.6%
agroforestry systems, with sparse trees. Dense forests are dominated in 58.4% by hard-
woods (mainly Quercus rotundifolia Lam.) and in 41.6% by conifers. Stands dominated
by Pinus sylvestris and P. pinaster, with an ecology and management similar to those anal-
ysed in this study, account for 44% of conifer stands and 18.6% of total dense forests [25].
Nationally, these two species account for 33% of all conifers and 8% of forests [26].

In terms of timber volume, P. sylvestris and P. pinaster represent 49% of the total timber
volume in Madrid, and 34% for the whole of Spain; both species occupy the first place in
terms of timber stocks in Spain, with around 153 million m3 [25,26]. The volume of timber
harvested in Spain in 2018 [26] was 19.7 million m3, 53.9% of which was conifers and 46.1%
hardwoods (overwhelmingly Eucalyptus). The volume of Pinus pinaster was 3,184,441 m3

and that of P. sylvestris was 1,275,061 m3; both species accounted for 22.6% of the total
annual of timber harvesting, and 41.9% of conifers total.

The total timber yield of these two species in Spain was 80.2 million € [26]. The total
value at basic prices of forestry and logging products in Spain in 2019 was €960.5 million,
0.1% of the national total [27]; timber from these two pines accounted for 8.35% of the value
of forestry products.

Consequently, the stands of P. sylvestris and P. pinaster, similar to those analysed in
this work, are very representative in Spain, both superficially and in terms of their timber
existences and annual harvesting volume.
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2.2. Studied Scenarios

Two scenarios have been analysed:

• Scenario A. Current situation. The forest has conservation objectives, without commer-
cial harvesting (only for forest maintenance); economic return is secondary. Timber
extraction is scarce, but carbon sequestration is maximised.

• Scenario B. Maximum sustainable timber production. The objective would be to maxi-
mize timber harvesting, in a sustainable form, with guarantees of forest preservation.
Timber extraction would be maximised, but carbon sequestration would be reduced.

In both cases it is intended to obtain the cost-effectiveness of the model, in order to
determine differences. In order to make the calculations comparable with those of other
regions, we have always used relative values per hectare, considering the forested area.

2.3. Timber Stock, Growth and Harvesting

Forest inventories carried out in 2005 and 2014 [24,28] calculated timber volume
(commercial fraction). In the two scenarios studied there was forest growth and harvesting,
associated with management or timber production. Net timber volume growth (GTV), in
m3/ha, is timber volume growth (ITV) minus timber volume harvesting (HTV). Annual
timber volume increase (ITV) was calculated using the equations for Pinus pinaster and
P. sylvestris established for Madrid region in the National Forest Inventory [29].

In scenario A harvesting between 2005 and 2014 focused on dead trees, especially
Pinus pinaster affected by bark beetles. From 2015 to 2024 the management plan [24]
established an annual logging calendar, focused on reducing excessive density in some
areas, mainly covered by P. sylvestris. In scenario B the maximum possible timber harvesting
(HTV), in m3/yr, was calculated using Gehrhardt equation [30], recommended for decades
for Pinus sylvestris forests in this region [31], and currently of obligatory use in the Madrid
region for irregular forests with stand management [32], as well as in most Spanish regions.
In this equation p is the period established (in this case the forest rotation, 120 years) and
ITV the annual increase of the volume (m3):

HTV (Scenario B) = VT/p + ITV/2 (1)

2.4. GHG Sequestration

Forest inventories, growth equations and harvesting use timber volume (m3), but for
carbon sequestration calculations it is necessary to use biomass values (Mg). Consequently,
whenever a biomass value had to be used, it was obtained by multiplying the timber volume
(VT) in m3, by timber density (δT) in Mg/m3. The average density for Mediterranean
conifers is 0.507 Mg/m3 [33].

Carbon sequestration is the amount of CO2 removed from the atmosphere by veg-
etation and fixed in plant tissues. For its calculation it is necessary to determine the net
biomass growth of the forest (GNB), in Mg/ha, not only for the commercial fraction (timber),
but for the whole forest biomass. The forest biomass (TB) in Mg/ha is [34]:

TB = M + B + U + PL (2)

where M is the commercial biomass (Mg/ha), B is the non-commercial aerial part (branches
and leaves; the aerial part corresponds 79.5% to the stem and 20.5% to leaves and branches
in Pinus pinaster, and 71.3% and 28.7% respectively in P. sylvestris [35]. Operating with
these values we obtained BP. pinaster = 0.258·M y BP. sylvestris = 0.403·M), U is the underground
biomass (roots; the aerial part in Pinus pinaster is 77.9% and the root part 22.1%, and in
P. sylvestris 78.6% and 21.4% respectively [35]. Operating we obtained UP. pinaster = 0.357·M
y UP. sylvestris = 0.382·M) and PL is the soil litter (Tthe mean value is 13.2 Mg/ha in
Pinus pinaster and 48.2 Mg/ha in P. sylvestris [36]).

Biomass increase (IB) due to tree growth affects to the aerial part and the roots (M + B
+ U), but tree extraction, harvesting (HB), affects only to the aerial part but not to the roots
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(M + B). Stumps and roots are not extracted after felling, remaining in the ground, where
they decompose slowly, given the large amount of resin they contain. This allows a pro-
gressive incorporation of carbon into the soil, and a very slow release into the atmosphere,
so for GHG balances its influence can be considered negligible. Therefore, their separate
calculation is necessary to obtain the net biomass growth. Net biomass growth (GNB) is
biomass increase (IB) minus biomass extraction (HB):

GB (P. pinaster) = IB − HB = 1.615 · IV · δT − 1.258 · HV · δT = 0.819 · IV − 0.638 · HV
GB (P. sylvestris) = IB − HV = 1.785 · IV · δT − 1.403 · HV · δT = 0.905 · IV − 0.711· HV

(3)

Sequestration (SQ), in Mg CO2 eq/ha·yr, is the net biomass growth (GNB) multiplied
by the percentage of carbon (C%) and the equivalence factor between CO2 and C (3.67).
Carbon percentage in P. pinaster is 51.1% in P. sylvestris 50.9% [35]. Consequently:

SQ (P. pinaster) = GB · C% · 3.67 = ((0.819 · IV − 0.638 · HV) · 0.511) · 3.67 = 1.538 · IV − 1.196 · HV
SQ (P. sylvestris) = GB · C% · 3.67 = ((0.905 · IV − 0.711 · HV) · 0.509) · 3.67 = 1.692 · IV − 1.329 · HV

(4)

2.5. GHG Emissions from Forest Fires

To obtain GHG emissions from forest fires we used IPCC equation [37]:

LFT = A · MB · Cf · Gef · 10−3 (5)

where LFT, total emission of GHGs by forest fires (Mg CO2 eq), including CO2, CH4 and
N2O. A, burnt area (ha), estimated as an average of historical forest fire data. Between 1999
and 2020 there was one major fire (1999), 15 years without fires and 6 years with small fires
(Table 1), the average annual burnt area was 5015 ± 4959 ha.

Table 1. Forest fires in the studied area.

Year Burnt Area Year Burnt Area

1999 109.16 ha 2010 0.00 ha
2000 0.00 ha 2011 0.14 ha
2001 0.03 ha 2012 0.00 ha
2002 0.00 ha 2013 0.01 ha
2003 0.00 ha 2014 0.00 ha
2004 0.00 ha 2015 0.41 ha
2005 0.32 ha 2016 0.00 ha
2006 0.00 ha 2017 0.00 ha
2007 0.00 ha 2018 0.00 ha
2008 0.00 ha 2019 0.26 ha
2009 0.00 ha 2020 0.00 ha

MB, mass of fuel available for combustion (Mg/ha), including the aerial part and the
soil litter, but not the roots, so MB = M + B + PL. We considered the average forest timber
volume (VA), and weighted according to the area of each of the species:

MB = 1.333·M + 31.4 = 1.333 · VM · 0.507 + 31.4 = 0.676 VM + 31.4 (6)

where Cf is 0.48 (dimensionless) and Gef 1.577.50 g CO2 eq/kg [38].
We have worked with average values per hectare, so the total annual emission from

forest fires (LFT) is divided by the forested area, obtaining the average emission (LFA).

2.6. GHG Balance

Using annual sequestration (SQ) and emissions from forest (LFA) the GHG balance
(Mg CO2 eq/ha·yr) was obtained:

SQ = SQ (P. pinaster) + SQ (P. sylvestris) − LFA (7)
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2.7. Financial Assessment of Scenarios

The average timber price in Spain according to the latest published forestry statistics
(2018) was 16.49 €/m3 for P. pinaster and 21.03 €/m3 for P. sylvestris. However, in the public
forests of Madrid the average price was lower, 5.79 €/m3 between 2008 and 2012 [25], well
below the market value. This low value is due to the fact that logging is not focused on
production, but on the maintenance of the stand, and consequently the extracted timber is
irregular in production, size and quality. This is the case in scenario 1, where a timber price
50% of the average market price is currently being applied. For the financial valuation of
CO2 sequestration, the average price of Emission Rights in the European Union in 2020
(24.75 €/Mg CO2) has been used.

3. Results
3.1. Timber Stock, Growth and Harvesting

Figure 2 summarises the results of growth, timber harvesting and stock for the two
analysed scenarios. In scenario A the average growth was 3.64 ± 0.06 m3/ha·y, average
harvesting 1.04 ± 0.20 m3/ha·y and average stock 156.96 ± 3.75 m3/ha, and in scenario B
3.17 ± 0.01 m3/ha·y, 2.73 ± 0.10 m3/ha·y and 137.07 ± 0.59 m3/ha, respectively.
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3.2. GHG Sequestration

Figure 3 summarises GHG sequestration for the two analysed scenarios. In scenario
A, average sequestration was 4.60 ± 0.31 Mg CO2 eq/ha·y, and in scenario B 1.69 ± 0.01
Mg CO2 eq/ha·y.

3.3. GHG Emissions from Forest Fires

In scenario A the average timber volume (VA) was 156.96 m3/ha, resulting in an
annual GHG emission from forest fires (LFT) of 522.16 Mg CO2 eq/y and a relative emission
(LFA) for the forested area of 0.80 Mg CO2 eq/ha·y; in scenario B the value of VA was
137.07 m3/ha, LFT 471.10 Mg CO2 eq/y and LFA 0.72 Mg CO2 eq/ha·y.

3.4. GHG Balance

The net GHG balance, as indicated above, is the sequestration minus the emission
from forest fires. For scenario A the average value was 3.80 Mg CO2 eq/ha·y., and in
scenario B 0.97 Mg CO2 eq/ha·y.
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3.5. Financial Assessment of Scenarios

To assess the two scenarios considered, five possible prices for both timber and CO2
have been considered: an average price (justified above); two low prices, 20 and 30% below
the average; and two high prices, 20 and 30% above the average (Table 2).

Table 2. Financial valuation of studied scenarios. x means average price.

Scenario

Timber Harvesting Carbon Sequestration
Global Balance

€/haPinus Sylvestris Pinus Pinaster Total
€/ha

Mg
CO2 eq/ha·y €/Mg CO2 eq

Total
€/ham3/ha·y €/m3 m3/ha·y €/m3

A 0.99

−30% 7.36

1.09

−30% 5.78 6.81

3.80

−30% 17.33 65.84 72.65
−20% 8.42 −20% 6.60 7.79 −20% 19.80 75.24 83.03

x 10.52 x 8.25 9.73 x 24.75 94.05 103.78
+20% 12.62 +20% 9.90 11.68 +20% 29.70 112.86 124.54
+30% 13.68 +30% 10.73 12.65 +30% 32.18 122.27 134.92

B 2.75

−30% 14.72

2.70

−30% 11.54 36.01

0.97

−30% 17.33 16.81 52.82
−20% 16.82 −20% 13.19 41.15 −20% 19.80 19.21 60.36

x 21.03 x 16.49 51.44 x 24.75 24.01 75.45
+20% 25.24 +20% 19.79 61.73 +20% 29.70 28.81 90.54
+30% 27.34 +30% 21.44 66.87 +30% 32.18 31.21 98.08

With these prices, a sensitivity analysis has been conducted for both scenarios, con-
sidering all possible price combinations (Table 3). Sensitivity analysis is a financial model
that determines how target variables (in this study global income) are affected based on
changes in other variables known as input variables (in this case timber and CO2 income).

Analysing the 25 possible price combinations, carbon sequestration (scenario A) is
more profitable in 92% of the cases (23 combinations), and timber production (scenario b)
in 8% (2 combinations). The combinations that make timber production more profitable
involve a CO2 price 30% below average and a timber price 20–30% above average. However,
the probability of occurrence of each combination is different. For example, it seems more
likely that the price of timber and CO2 will remain stable or increase than decrease, so
options that combine stable prices or price increase scenarios would be more likely to occur
than those with price decrease, but given the uncertainty it is not possible to establish
their probability.
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Table 3. Sensitivity analysis of scenarios. x means average price.

Prices
(€/ha)

CO2

−30% −20% x +20% +30%

Timber

−30%
72.65 82.05 100.86 119.67 129.08

52.82 55.22 60.02 64.82 67.22

−20%
73.63 83.03 101.84 120.65 130.06

57.96 60.36 65.16 69.96 73.26

x
75.57 84.97 103.78 122.59 132.00

68.25 70.65 75.45 80.25 82.65

+20%
77.52 86.92 105.73 124.54 133.95

78.54 80.94 85.74 90.54 92.94

+30%
78.49 87.89 106.70 125.51 134.92

83.68 86.08 90.88 95.68 98.08
Upper-left value: Scenario A. Lower-right value: Scenario B.

4. Discussion

Forest growth was calculated using the equations established for the Madrid region
by the National Forestry Inventory [29]. Using two independent timber stock calculations
from 2005 and 2014 [24,28], and quantifying timber removals in that period, it has been
verified the adjustment of these equations to the studied forest with a 98.2% accuracy.
Consequently, the calculated forest growth between 2005 and 2014 has been verified, and
is in according to what is expected for the study region. Scenario A represents a typical
practice in protective forests in Mediterranean Spain, with low timber extraction. Scenario B
represents the maximum sustainable timber harvest, which could not be exceeded without
forest decline. These are, therefore, reasonable scenarios.

Current timber production in the forest (scenario A) is marginal, limited to logging
for forest maintenance. In addition, the price of timber is low, as production is irregular
and of poor quality, as noted above. As a result, an average income of 9.73 €/ha·y is barely
reached, and potential price fluctuations do not have much effect (6.81–12.65 €/ha·y). The
maximum sustainable timber production would yield on average 51.44 €/ha·y, with a
range depending on price fluctuations of 36.01–66.87 €/ha·y.

Considering the volume of timber harvested in 2018 in Spain, the area occupied by
P. pinaster and P. sylvestris, and the average timber prices for these species [26], national
average production of P. pinaster was 3.01 m3/ha·y with a yield of 49.63 €/ha·y and that of
P. sylvestris was 1.24 m3/ha·y with a yield of 26.08 €/ha·y. In P. pinaster the production and
yield were higher due to the existence of very productive stands in the north of Spain, in
rainier areas; the value in P. sylvestris was more representative for pine forests similar to
those studied. However, as noted above, timber prices in public forests of Madrid were
below market values, and consequently below these yields.

For P. sylvestris, a more stable reference for the forests studied, the average yield was
higher than that currently obtained in this forest (scenario A), although it is almost half
the value that could be obtained by dedicating the forest to timber production (scenario B).
These results are therefore consistent with national values.

The CO2 sequestration rate for Spanish pine forests reported in the literature ranges
from 3.66 Mg CO2 eq/ha·y [35] to 5.10 Mg CO2 eq/ha·y [39]. Our results were 3.80 Mg
CO2 eq/ha·y in scenario A, consistent with these values; in scenario B, timber extraction
greatly reduces the sequestration rate to 0.97 Mg CO2 eq/ha·y. Based on the price of
emission rights in the EU, as noted above, an average sequestration value of 94.05 €/ha·y
in scenario A and 24.01 €/ha·y in scenario B was obtained. Values reported in the literature
for carbon sequestration in Southern Europe vary widely, ranging from 9 €/ha·y [40] to
895 €/ha·y [41]. In boreal forest it has been estimated that a 5% reduction in timber harvest
revenues can produce a 15–23% increase in carbon sequestration [42].

It is important considering the incidence of forest fires in the sequestration rate, as
it implies a loss of sequestration and a release of GHGs; in scenario A, for example, the
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sequestration rate without considering forest fires would be 4.60 Mg CO2 eq/ha-y, dropping
to 3.80 Mg CO2 eq/ha-y if fire risk is taken into account. Although between 2007 and 2015,
fire-related emissions in Spain decreased by 53% compared to 1998–2006 [38], predictions
point to a fire risk increase in the Mediterranean as a consequence of climate change [43,44],
so it is reasonable to incorporate this variable into the calculations. As noted above, in both
scenarios, preventive fire prevention forestry is applied, removing dead fuel. In addition,
the region has ample fire-fighting means, so there is no significant variation in fire risk
between the two scenarios. More influential is the meteorology of each year, especially
the distribution of rainfall in late spring, summer and early autumn, which determine the
length of the high fire-risk period. Negligence and criminal acts are also important. It has
therefore been chosen to use historical risk as an indicator, which already incorporates
these uncertainties.

Calculations were based on reliable data and realistic assumptions. The sensitivity
analysis demonstrated that forest protection, maximising carbon sequestration, was more
profitable in 92% of price combinations. Timber harvesting was only more profitable if
CO2 prices fell below 30% of their current value coupled with an increase in timber prices
greater than 20%. A sharp rise in timber price cannot be ruled out, but it is unlikely to be
associated with a collapse in the price of CO2, as concern about climate change is growing,
and GHG emission reduction targets are intense and pressing, so everything points to a
future increase in the price of emission rights, rather than a collapse.

Consequently, dedicating Mediterranean forests to carbon sequestration, without
timber harvesting, is an economically viable and environmentally interesting option, due
to its beneficial effects on climate change mitigation. However, valuing carbon sequestra-
tion does not mean abandoning timber harvesting. Both timber production and carbon
sequestration are compatible forest environmental services, and maximising both at the
same time is a win-win strategy [22]. A proper valuation of both, and not only of timber,
can allow for a more balanced forest management, acting in each forest in a differentiated
way according to its environmental potential and value.

The real barrier at present is that while timber is as a commodity with a market price,
carbon sequestration is not. There is a valuation of the tonne of CO2, but it is not a real
market good, being associated with emission trading in regulated sectors (in the European
Union the Emissions Trading System). Consequently, those who emit GHGs into the
atmosphere must pay for it (at least in regulated sectors), but those who sequester carbon,
such as forests, are not remunerated for it. The result is that forests, essential carbon sinks
for mitigating climate change, are, at least in much of the Mediterranean region, financially
loss-making and even a burden for their owners.

5. Conclusions

Carbon sequestration and timber extraction in properly managed forests are sustain-
able activities which may be compatible. An appropriate forest management ensures the
persistence of the forest and avoids risks of damage biodiversity. Moreover, as manage-
ment is based on reliable and objective information, it is possible to translate the carbon
sequestration achieved into potentially tradable carbon credits [45].

The lack of adequate accounting and valuation of carbon sequestration, as happens
with many other ecosystem services, leads to a forest economy based on timber, which
in areas with a Mediterranean climate produce usually negative financial results due to
the low timber productivity. It would be better to consider and value all these ecosystem
services, but just by adequately valuing carbon sequestration the financial balance of the
forests changes radically; timber production ceases to be a necessity and becomes just
another option, together with carbon sequestration.

The challenge for the future is to make carbon sequestration a market good and not a
free environmental service, and thus mobilise resources from polluting sectors (polluter-
pays principle) to forests, which would lead to greater financial sustainability of the forest
sector, and to an added improvement of the landscape, biodiversity and rural employment.
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Abbreviations and Unities
A Burnt area in forest fires (ha)
B Non-commercial aerial biomass (Mg/ha)
C% Carbon percentage of the biomass (%)
GHG Greenhouse gases
GNB Net biomass growth (Mg/ha)
GTV Net timber volume growth (m3/ha)
IB Forest biomass increase (Mg/ha)
ITV Annual timber volume increase (m3/ha)
HB Harvesting biomass (Mg/ha)
HTV Timber volume harvesting (m3/ha)
LFA Average emission of GHG by forest fires (Mg CO2 eq/ha·y)
LFT Total emission of GHG by forest fires (Mg CO2 eq/y)
M Commercial forest biomass (Mg/ha)
PL Soil litter (Mg/ha)
SQ Carbon sequestration (Mg CO2 eq/ha·y)
STV Timber volume stock (m3/ha)
TB Total forest biomass (Mg/ha)
U Underground forest biomass (Mg/ha)
VT Timber volume (m3/ha)
δT Timber density (Mg/m3)

References
1. Costanza, R.; D’Arge, R.; De Groot, R.; Farber, S.; Grasso, M.; Hannon, B.; Limburg, K.; Naeem, S.; O’Neill, R.V.; Paruelo, J.; et al.

The value of the world’s ecosystem services and natural capital. Nature 1997, 387, 253–260. [CrossRef]
2. De Groot, R.S.; Wilson, M.; Boumans, R. A typology for the description, classification and valuation of ecosystem functions,

goods and services. Ecol. Econ. 2002, 41, 393–408. [CrossRef]
3. Millennium Ecosystem Assessment (MEA). Ecosystems and Human Well-Being: The Assessment Series; Island Press: Washington,

DC, USA, 2005.
4. Zhang, D.; Stenger, A. Value and valuation of forest ecosystem services. J. Environ. Econ. Policy 2015, 4, 129–140. [CrossRef]
5. Small, N.; Munday, M.; Durance, I. The challenge of valuing ecosystem services that have no material benefits. Glob. Environ.

Chang. 2017, 44, 57–67. [CrossRef]
6. Ovando, P.; Beguería, S.; Campos, P. Carbon sequestration or water yield? The effect of payments for ecosystem services on forest

management decisions in Mediterranean forests. Water Resour. Econ. 2019, 28, 100119. [CrossRef]
7. Górriz-Mifsud, E.; Varela, E.; Piqué, M.; Prokofieva, I. Demand and supply of ecosystem services in a Mediterranean forest:

Computing payment boundaries. Ecosyst. Serv. 2016, 17, 53–63. [CrossRef]
8. Nardini, A.; Lo Gullo, M.A.; Trifilò, P.; Salleo, S. The challenge of the Mediterranean climate to plant hydraulics: Responses and

adaptations. Environ. Exp. Bot. 2014, 103, 68–79. [CrossRef]
9. Cowling, R.M.; Rundel, P.W.; Lamont, B.B.; Arroyo, M.K.; Arianoutsou, M. Plant diversity in mediterranean-climate regions.

Trends Ecol. Evol. 1996, 11, 362–366. [CrossRef]
10. Bravo, F.; Bravo-Oviedo, A.; Diaz-Balteiro, L. Carbon sequestration in Spanish Mediterranean forests under two management

alternatives: A modeling approach. Eur. J. For. Res. 2008, 127, 225–234. [CrossRef]
11. Bussoni, A.; Estraviz, L.C. Private valuation of carbon sequestration in forest plantations. Ecol. Econ. 2010, 69, 451–458.
12. Diaz-Balteiro, L.; Martell, D.L.; Romero, C.; Weintraub, A. The optimal rotation of a flammable forest stand when both carbon

sequestration and timber are valued: A multi-criteria approach. Nat. Hazards 2014, 72, 375–387. [CrossRef]
13. Ramage, M.H.; Burridge, H.; Busse-Wicher, M.; Fereday, G.; Reynolds, T.; Shah, D.U.; Wu, G.; Yu, L.; Fleming, P.; Densley-Tingley,

D.; et al. The wood from the trees: The use of timber in construction. Renew Sustain. Energy Rev. 2017, 68, 333–359. [CrossRef]
14. Ontl, T.A.; Janowiak, M.K.; Swanston, C.W.; Daley, J.; Handler, S.; Cornett, M.; Hagenbuch, S.; Handrick, C.; Mccarthy, L.; Patch,

N. Forest management for carbon sequestration and climate adaptation. J. For. 2020, 118, 86–101. [CrossRef]
15. Noormets, A.; Epron, D.; Domec, J.C.; McNulty, S.G.; Fox, T.; Sun, G.; King, J.S. Effects of forest management on productivity and

carbon sequestration: A review and hypothesis. For. Ecol. Manag. 2015, 355, 124–140. [CrossRef]
16. Matthews, S.; O’Connor, R.; Plantinga, A.J. Quantifying the impacts on biodiversity of policies for carbon sequestration in forests.

Ecol. Econ. 2002, 40, 71–87. [CrossRef]

http://doi.org/10.1038/387253a0
http://doi.org/10.1016/S0921-8009(02)00089-7
http://doi.org/10.1080/21606544.2014.980852
http://doi.org/10.1016/j.gloenvcha.2017.03.005
http://doi.org/10.1016/j.wre.2018.04.002
http://doi.org/10.1016/j.ecoser.2015.11.006
http://doi.org/10.1016/j.envexpbot.2013.09.018
http://doi.org/10.1016/0169-5347(96)10044-6
http://doi.org/10.1007/s10342-007-0198-y
http://doi.org/10.1007/s11069-013-1013-3
http://doi.org/10.1016/j.rser.2016.09.107
http://doi.org/10.1093/jofore/fvz062
http://doi.org/10.1016/j.foreco.2015.05.019
http://doi.org/10.1016/S0921-8009(01)00269-5


Atmosphere 2021, 12, 746 11 of 11

17. Caparrós, A.; Jacquemont, F. Conflicts between biodiversity and carbon sequestration programs: Economic and legal implications.
Ecol. Econ. 2003, 46, 143–157. [CrossRef]

18. Canadell, J.G.; Raupach, M.R. Managing forests for climate change mitigation. Science 2008, 320, 1456–1457. [CrossRef] [PubMed]
19. Fischlin, A.; Midgley, G.F.; Price, J.T.; Leemans, R.; Gopal, B.; Turley, C.; Rounsevell, M.D.A.; Dube, O.P.; Tarazona, J.; Velichko,

A.A. Ecosystems, their properties, goods, and services. In Climate Change 2007: Impacts, Adaptation and Vulnerability. Contribution
of Working Group II to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change; Parry, M.L., Canziani, O.F.,
Palutikof, J.P., Van der Linden, P.J., Hanson, C.E., Eds.; Cambridge University Press: Cambridge, UK, 2007; pp. 211–272.

20. O’Connor, D. Governing the global commons: Linking carbon sequestration and biodiversity conservation in tropical forests.
Glob. Environ. Chang. 2008, 18, 368–374. [CrossRef]

21. Hall, J.M.; Van Holt, T.; Daniels, A.E.; Balthazar, V.; Lambin, E.F. Trade–offs between tree cover, carbon storage and floristic
biodiversity in reforesting landscapes. Landsc. Ecol. 2012, 27, 1135–1147. [CrossRef]

22. Bellassen, V.; Luyssaert, S. Carbon sequestration: Managing forests in uncertain times. Nature 2014, 506, 153–155. [CrossRef]
[PubMed]

23. Hoen, H.F.; Solberg, B. Potential and economic efficiency of carbon sequestration in forest biomass through silvicultural
management. For. Sci. 1994, 40, 429–451.

24. Enríquez-de-Salamanca, Á.; Carrasco, M.J.; Cantero, J. Proyecto de Ordenación del Monte La Jurisdicción. Plan Especial 2015–2024;
Comunidad de Madrid: Madrid, Spain, 2014; (unpublished).

25. MAAMA. Cuarto Inventario Forestal Nacional. Comunidad de Madrid; Ministerio de Agricultura: Madrid, Spain, 2013.
26. MITECO. Anuario Forestal de Estadística 2018; Ministerio para la Transción Ecológica: Madrid, Spain, 2020.
27. INE. Contabilidad Nacional Anual de España. Revisión Estadística 2019; Instituto Nacional Estadística: Madrid, Spain, 2020. Available

online: https://www.ine.es (accessed on 20 April 2021).
28. Campo, A. Proyecto de Ordenación Definitiva del Monte La Jurisdicción. Plan Especial 2005–2014; Comunidad de Madrid: Madrid,

Spain, 2005, unpublished.
29. IFN2. Segundo Inventario Forestal Nacional; ICONA: Madrid, Spain, 1994.
30. Madrigal, A. Ordenación de Montes Arbolados; ICONA: Madrid, Spain, 1994.
31. Montero, G.; Rojo, A.; Álvarez, M.F.; Del Río, M. Aspectos selvícolas y económicos de los pinares de Pinus sylvestris L. en el

Sistema Central. Estud. Agrosoc. Pesq. 2001, 193, 27–56.
32. Comunidad de Madrid. Instrucciones Para la Redacción de Proyectos de Ordenación de Montes Gestionados por la Comunidad de Madrid;

Comunidad de Madrid: Madrid, Spain, 2010.
33. Poorter, L.; Lianes, E.; Moreno, M.; Zavala, M.A. Architecture of Iberian canopy tree species in relation to wood density, shade

tolerance and climate. Plant Ecol. 2012, 213, 707–722. [CrossRef]
34. Rodríguez, J.C. The carbon budget of the Spanish forests. Biogeochemistry 1994, 25, 197–217. [CrossRef]
35. Montero, G.; Ruiz-Peinado, R.; Muñoz, M. Producción de Biomasa y Fijación de CO2 Por los Bosques Españoles; INIA: Madrid,

Spain, 2005.
36. Montero, G.; López-Leiva, C.; Ruiz-Peinado, R.; López-Senespleda, E.; Onrubia, R.; Pasalodos, M. Producción de Biomasa y Fijación

de Carbono por los Matorrales Españoles y por el Horizonte Orgánico Superficial de los Suelos Forestales; Ministerio de Agricultura, Pesca
y Alimentación: Madrid, Spain, 2020.

37. Eggleston, H.S.; Buendia, L.; Miwa, K.; Ngara, T.; Tanabe, K.; Hayama, K. 2006 Guidelines for National Greenhouse Gas Inventories.
Vol. 4. Agriculture, Forestry and Other Land Uses; IGES, IPCC National Greenhouse Gas Inventories Programme: Kanagawa,
Japan, 2006.

38. Enríquez-de-Salamanca, Á. Contribution to climate change of forest fires in Spain: Emissions and loss of sequestration. J. Sustain.
For. 2020, 39, 417–431. [CrossRef]

39. Pasalodos-Tato, M.; Almazán, E.; Montero, G.; Diaz-Balteiro, L. Evaluation of tree biomass carbon stock changes in Andalusian
forests: Comparison of two methodologies. Carbon Manag. 2017, 8, 125–134. [CrossRef]

40. Caparrós, A.; Campos, P.; Montero, G. Applied multiple use forest accounting in the Guadarrama pinewoods (Spain). Investig.
Agr. Sist. Recur. For. 2001, 10, 91–108.

41. Sukhdev, P. The Economics of Ecosystems and Biodiversity: An Interim Report; European Communities: Brussels, Belgium, 2008.
42. Triviño, M.; Juutinen, A.; Mazziotta, A.; Miettinen, K.; Podkopaev, D.; Reunanen, P.; Mönkkönen, M. Managing a boreal forest

landscape for providing timber, storing and sequestering carbon. Ecosyst. Serv. 2015, 14, 179–189. [CrossRef]
43. Pausas, J.G.; Fernández-Muñoz, S. Fire regime changes in the Western Mediterranean Basin: From fuel–limited to drought–driven

fire regime. Clim. Chang. 2012, 110, 215–226. [CrossRef]
44. Vázquez, A.; Quintana, J.R.; Cañellas, I. Fire activity projections in the SRES A2 and B2 climatic scenarios in peninsular Spain. Int.

J. Wildland Fire 2012, 21, 653–665. [CrossRef]
45. Vickers, B.; Trines, E.; Pohnan, E. Community Guidelines for Accessing Forestry Voluntary Carbon Markets; FAO: Bangkok, Thailand,

2012. Available online: http://www.fao.org/3/a-i3033e.pdf (accessed on 6 April 2021).

http://doi.org/10.1016/S0921-8009(03)00138-1
http://doi.org/10.1126/science.1155458
http://www.ncbi.nlm.nih.gov/pubmed/18556550
http://doi.org/10.1016/j.gloenvcha.2008.07.012
http://doi.org/10.1007/s10980-012-9755-y
http://doi.org/10.1038/506153a
http://www.ncbi.nlm.nih.gov/pubmed/24527499
https://www.ine.es
http://doi.org/10.1007/s11258-012-0032-6
http://doi.org/10.1007/BF00024392
http://doi.org/10.1080/10549811.2019.1673779
http://doi.org/10.1080/17583004.2017.1306407
http://doi.org/10.1016/j.ecoser.2015.02.003
http://doi.org/10.1007/s10584-011-0060-6
http://doi.org/10.1071/WF11013
http://www.fao.org/3/a-i3033e.pdf

	Introduction 
	Materials and Methods 
	Study Area, Species and Period 
	Studied Scenarios 
	Timber Stock, Growth and Harvesting 
	GHG Sequestration 
	GHG Emissions from Forest Fires 
	GHG Balance 
	Financial Assessment of Scenarios 

	Results 
	Timber Stock, Growth and Harvesting 
	GHG Sequestration 
	GHG Emissions from Forest Fires 
	GHG Balance 
	Financial Assessment of Scenarios 

	Discussion 
	Conclusions 
	References

